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The reverse micelle (RM) extraction of human IgG4 monoclonal antibodies (MAbs), 
humanized IgG4 MAb B72.3 Fab fragments and horse heart cytochrome-c was 
investigated. The effects of system parameters on forward (FE) and backward (BE) 
extraction was examined, and optimal extraction conditions were determined. 
Sodium bis(2-ethylhexyl)sulfosuccinate (AOT), bis(2-ethylhexyl)phosphate (HDEHP), 
isooctane and corn oil were the model surfactants and solvents. Precipitate formation 
was investigated, and non-ionic (polyoxyethylene(4) lauryl ether i.e. Brij 30) and 
counterionic (trioctylmethylammonium chloride i.e. TOMAC) surfactants were 
assessed to reduce precipitate formation and increase extraction yields. Protein in 
the precipitate was measured using acetone precipitation. Conventional RM 
extraction of IgG4 for AOT- and HDEHP-isooctane resulted in yields of up to 99% 
FE, 58% BE for AOT-isooctane, and 92% BE for HDEHP-isooctane. It was found for 
AOT-isooctane with TOMAC for cytochrome-c 81% FE and 98% BE; and 41% FE 
and 85% BE for AOT-isooctane with Brij 30 and TOMAC, 56% FE and 71% BE for 
AOT-corn oil, 62% FE and 89% BE for HDEHP-isooctane, and 57% FE and 59% BE 
for HDEHP-corn oil with TOMAC for Fab fragments. Hollow fibre membrane (HFM) 
extraction of cytochrome-c resulted in complete FE and 40% BE with TOMAC; and 
with Fab fragments resulted in 99% FE and 79% BE for AOT, and in 88% FE and 
46% BE for HDEHP with Brij 30. HFM FE using two aqueous phases showed that the 
quantity of Fab fragments adsorbed to the membrane surface and/or stuck in the 
membrane pores were negligible. Structural analysis revealed that precipitate 
formation during HFM module extraction was not an issue compared to conventional 
FE, where it structurally damaged and prevented the Fab fragments and MAbs from 
successfully transferring into the RM phase. RM phase water content analysis from 
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A   Effective contactor area (m2) 
a, d, e, g, and m Heavy chain class for each antibody class respectively (i.e. for 
IgA, IgD, IgE, IgG and IgM) 
phaseaqueousC   Protein concentration in the aqueous phase (mg ml-1) 
finalc   Final concentration (at Ext = Ext ) of the reservoir solute (mol ml-
1) 
ic  Concentration of the 
thi  ion (mg ml-1) 
initialc  Initial concentration (at Ext =0) of the reservoir solute (mol ml-1) 
phaseaqueousinitialC   Protein concentration in the initial aqueous phase (mg ml-1) 
eprecipitatterphaseinC   Protein concentration in the precipitate layer at the interphase 
(mg ml-1) 
phaseorganicC   Protein concentration in the organic phase (mg ml-1) 
extractionforwardafterphaseorganicC  Protein concentration in the organic phase after 
forward extraction (mg ml-1) 
phaseaqueousfromremovedC  Concentration of protein removed from the aqueous phase 
(mg ml-1) 
sc     Water concentration in the pure solvent (ppm) 
phaseaqueoustrueC   True protein concentration in the aqueous phase after acetone 
precipitation with an ethanol wash step (mg ml-1) or true protein 
concentration in the aqueous phase (mg ml-1) 
CV    Coefficient of variation (%) 
wc     Water concentration in the sample (ppm)  
d     Diameter of a fibre (cm) 
D    Diffusivity according to the Stokes-Einstein equation (m2 s-1) 
bE    Backward extraction percentage (%) 
fE    Forward extraction percentage (%)  
oE     Overall extraction percentage (%) 
HAf     Activity coefficients of the conjugate acid ( HA ) 
−Af    Activity coefficients of the conjugate base ( −A ) 
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H     Partition coefficient 
bH     Partition coefficient for backward extraction 
fH     Partition coefficient for forward extraction 
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IgA, IgD, IgE, IgG 
and IgM  Five different antibody classes  
Ka Mass transfer product 
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[ ] phaseaqueousthetoinbR %  Percentage removal into the aqueous phase during 
backward extraction (%) 
[ ]%fR  or fR  Forward extraction percentage removal (%) 




[ ] eprecipitatterphaseinthetoinfR %  Percentage removal into the precipitate layer at the 
interphase after forward extraction (%) 
[ ] phaseorganicthetoinfR %  Percentage removal into the organic phase after forward 
extraction (%) 
[ ]%oR  or oR  Overall extraction percentage removal (%) 
[ ]TOTALoR %   Total overall percentage removal after both forward extraction 
and backward extraction (%) 
[ ] eprecipitatterphaseinthetoinTOTALoR %  Total overall percentage removal into the 
precipitate layer at the interphase after both forward extraction 
and backward extraction (%) 
[ ] phaseotherthetoinTOTALoR %  Total overall percentage removal into the other phase 
during both forward extraction and backward extraction (%) 
RMR  Hydrodynamic radius of the reverse micelle (Å) 
wpR  Water pool radius (Å) 
η     Viscosity of a saturated RM phase (kg/m.s) 
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SD or σ    Standard deviation (%) 
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thi  ion 





The following abbreviations were used except if otherwise stated in the text.  
 
AB   Acetate buffer  
AOT or Aerosol-OT 2-ethylhexyl sodium sulfosuccinate or sodium bis(2-ethylhexyl) 
sulfosuccinate or sodium di-(2-ethylhexyl) sulfosuccinate 
BE Backward extraction 
BHDC Benzyl-n-hexadecyldimethylamonium 
BPTI Bovine pancreatic trypsin inhibitor 
Brij 30 polyoxyethylene(4) lauryl ether 
BSA Bovine serum albumin 
C   Constant 
C3 and C4  Complements number 3 and number 4 
CB    Carbonate buffer  
CD   Circular dichroism 
CDRs   Complementary determining regions 
CH
   
Constant domain of the heavy chain 
CH1   First constant domain of the heavy chain 
CH2   Second constant domain of the heavy chain 
CH3   Third constant domain of the heavy chain 
CHO   Chinese hamster ovary 
CL
   
Constant domain of the light chain 
CLA or CLAs Colloidal liquid aphron(s) 
CMC Critical micelle concentration 
CTAB Cetyltrimethylammonium bromide 
D2EHPA   Di-2-ethylhexyl phosphoric acid 
DI    Deionised water 
DSC   Differential scanning calorimetry  
dsFv   Disulfide stabilised antigen binding specificity 
DTAB Dodecyltrimethyl ammonium bromide 
Fab   Antigen-binding fragment 
Fab’ Fab fragments with the heavy chain extended to include one or 
more hinge region cysteine residues 
Fc   Constant region 
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Fd Variable domain of the heavy chain plus the first constant 
domain of the heavy chain (i.e. Fd= VH + CH1) 
FE Forward extraction 
FTIR Fourier transfer infrared spectroscopy 
Fv   Antigen binding specificity 
GP-HPLC  Gel permeation high pressure liquid chromatography 
H   Heavy chain 
HAMA   Human anti-murine antibodies 
HDEHP Bis(2-ethylhexyl)phosphate 
HF Hollow fibre 
HFM or HFMs  Hollow fibre membrane(s) 
HFSLM  Hollow fibre supported liquid membrane 
HPLC   High pressure liquid chromatography 
HSA   Human serum albumin 
IAC    Inter-assay control 
IEF   Isoelectric focusing 
Ig Immunoglobulins 
IgG Immunoglobulins IgG are soluble serum glycoproteins 
ITC Isothermal titration calorimetry 
L   Light chain 
M(DEHP)2 Non-surface-active divalent metal salt (bis(2-ethylhexyl) 
phosphate) 
MAb or MAbs  Monoclonal antibody/antibodies 
MAK   Methyl-amyl-ketone 
NATA   N-acetyl-L-tryptophanamide 
NaDEHP  Sodium bis(2-ethylhexyl) phosphate 
NS0   Cell line of murine origin or mouse myeloma cell line 
NMR   Nuclear magnetic resonance 
OE   Overall extraction 
PB    Phosphate buffer  
PEG   Polyethylene glycol 
PPB    Potassium phosphate buffer 
QB   1-methyl-8-oxyquiondinium 
RDC Rotating disc contactor 
Rewopal HV5 Nonylphenolpentaethoxylate 
RM or RMs Reverse micelle(s) 
RSM Response surface methodology  
Abbreviations 
 30 
scFv   Single chain antigen binding specificity 
SDS-PAGE  Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
SPR    Surface plasmon resonance  
TAG-72 Tumor-associated glycoprotein 72 (which is an antigen from 
human fluids) also known as Cancer-associated Ca-72-4 
TCA   Trichloracetic acid  
TOMAC Trioctylmethylammonium chloride 
Tween-20 Commercial name for polysorbate 20 
Tween-85 Polyoxyethylene sorbitan trioleate 
UV   Ultraviolet 
V   Variable  
VH   Variable domain of the heavy chain 
VL
   
Variable domain of the light chain 
 
 







Research has shown that even though the classical methods used for polypeptide 
separation in industry are economic, the development of lower cost and less time 
consuming separation techniques are of great interest. One of the original separation 
techniques was liquid-liquid extraction, which has been used to isolate and purify a 
large array of biological compounds. However, liquid-liquid extraction is a technique 
that is mainly used in the antibiotics industry, and it is not used much in other sectors 
of Biotechnology. This was partly due to the fact that even though liquid-liquid 
extraction combines moderate to high selectivities with high volumetric capacities, 
and the promise of truly continuous operation, it is not useful on a large scale 
because of the lack of suitable solvents having the desired selectivity and capacity 
for polypeptides, and which do not damage the labile bioproducts.  
 
Due to the growing demand for larger quantities of protein-based therapeutic drugs, 
notably monoclonal antibodies and their fragments, effective bioseparation methods 
are required. The main workhorse of downstream separation processes has been 
chromatography, affording high resolution for bioseparations, and in particular affinity 
chromatography which became the chosen method for antibody purification. Affinity 
chromatography is effective for antibody manufacturing since it selectively and 
efficiently separates antibodies in complex solution, and can remove up to 99.5% of 
product impurities in a single step with high yields. However, affinity chromatography 
is often the single largest cost centre in downstream processing, and factors such as 
the handling of solids, the high cost of the affinity ligands and low capacity are major 
problems which have not been solved for large scale production. Consequently, 
efficient and cost effective alternatives to chromatography are an attractive 
proposition.  
 
Alternative bioseparation methods that have attracted the most interest are solvent 
extraction processes, which include liquid membranes, non-dispersive solvent 
extraction, colloidal liquid aphrons (CLAs) and microemulsions, i.e. reverse micelles 
(RMs) (Pérez de Ortiz and Stuckey, 2004). Liquid membranes, non-dispersive 
solvent extraction and CLAs have been researched and shown to work, however, 
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RMs remain of great interest as they could provide a more cost effective and 
selective method for solvent extraction, therefore further extensive research is 
required in order to prove their full potential. RMs have been widely researched since 
they can be used together with liquid-liquid extraction as a novel method for the 
separation and purification of proteins and other bioproducts from fermentation 
broths and other cell culture media. Liquid-liquid extraction of biomolecules using 
RMs is a promising method when the traditional techniques with organic solvents are 
limited by protein denaturation and solubilisation. This novel method includes a RM 
phase, which is made up of an apolar solvent that contains surfactant aggregates. 
RM extraction is a comparable technique to liquid-liquid extraction, as they are both 
biphasic, and they use the transfer of a target solute from an aqueous feed phase to 
an organic phase i.e. forward extraction (FE), followed by its transfer back to a 
second aqueous stripping phase i.e. backward extraction (BE) (Goklen and Hatton, 
1985; Luisi et al., 1979; Van't Riet and Dekker, 1984; Wolf, 1982).  
 
The ability of RMs to solubilise proteins provides an effective method for the 
purification of enzymes, proteins, amino acids, and peptides from biological sources, 
therefore RMs have shown potential as effective extractants for the large-scale 
continuous recovery, concentration and purification of bioproducts from aqueous 
solutions and fermentation broths. Moreover, RM extraction has shown significant 
advantages compared to conventional primary separation techniques, and the 
concentration of both intra- and extra-cellular products (Pérez de Ortiz and Stuckey, 
2004). Indeed, extensive research has been carried out on the extraction of several 
well known proteins such as cytochrome-c, lipase and ribonuclease A, using RMs 
(Aires-Barros and Cabral, 1991; Dahuron and Cussler, 1988; Dekker et al., 1990; 
Goto et al., 1997; Gupta et al., 1994; Han and Rhee, 1986; Hu and Gulari, 1996; 
Huruguen et al., 1991; Jarudilokkul, 2000; Naoe et al., 2001; Poppenborg and 
Flaschel, 1994; Woll et al., 1989). Many researchers have reported that RMs can be 
exploited to achieve the selective solubilisation of proteins by controlling various 
system parameters, such as temperature, pH, ionic strength and surfactant 
concentration amongst others, and promising results have been found in terms of 
extraction yield, separation time and protein activity recovery (Andrews and 
Haywood, 1994; Day et al., 1979; Goklen and Hatton, 1985; Kotlarchyk et al., 1982; 
Maitra, 1984; Mathews and Hirschhorn, 1953; Zulauf and Eicke, 1979).  
 
However, most of the research carried out to date has focused mainly on the 
extraction of small proteins using RMs, and reverse micellar extraction of monoclonal 
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antibody (MAb) Fab fragments has not been reported in the literature. In addition 
very little research has been carried out on the extraction of large proteins, such as 
monoclonal antibodies (MAbs) (Birrenbach and Speiser, 1976; Gerhardt and 
Dungan, 2002, 2004; Kuo, 2005; Lan, 2004; Luisi et al., 1983; Speiser, 1979; Su and 
Chiang, 2003) and therefore more research is required in order to judge the feasibility 
of such a process. As a result, the elucidation of this novel technique for MAb 
and MAb Fab fragment separation is the aim of the research presented in this 
thesis. 
 
1.2. MOTIVATION AND AIMS 
 
To date, the research carried out on the extraction of proteins using RMs has mainly 
focused on the system parameters affecting FE, such as pH and ionic strength 
amongst others (Albery et al., 1987; Bausch et al., 1992; Dekker et al., 1989; Dekker 
et al., 1990; Derouiche and Tondre, 1989, 1990; Dungan et al., 1991; Jarudilokkul et 
al., 1999a; Plucinski and Nitsch, 1989; Poppenborg et al., 2000; Tondre and 
Derouiche, 1990). Very little research has been carried out on the parameters 
affecting BE, the effect of FE and BE on protein structure, and the effectiveness of 
RMs for the extraction of MAbs. Therefore, the aims of this study were to address 
some of these aspects with model solutions containing three polypeptides of varying 
molecular weight. 
 
The first aim was to study the effects of system parameters on the FE and BE of 
human IgG4 monoclonal antibodies (MAbs) in isooctane using two surfactants, in 
order to determine the optimal conditions to achieve a high yielding BE. It is also 
necessary to find out whether the MAb structure was affected by the extraction 
process. The water content of the RM phases was also measured to determine the 
size of the RMs, with and without the MAbs, to ascertain how the MAb was 
solubilised within the RMs. 
 
The second aim was to study the effects of system parameters on the FE and BE of 
humanized IgG4 B72.3 MAb Fab fragments using two surfactants and two solvents, 
i.e. isooctane and corn oil. Corn oil was chosen as it is less toxic and flammable, and 
a cheaper alternative to isooctane. This was to determine the optimal conditions for a 
successful and high yielding BE. This was carried out using Fab fragments as they 
are smaller than an antibody, and this facilitated their uptake into the RM. We also 
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investigated whether the structure of the Fab fragment was affected by extraction. 
We also examined whether precipitation at the interface had an effect on antibody 
recovery, and developed methods to measure the amount of Fab fragments included 
in the precipitate, and ways of preventing precipitation at the interface and in the 
samples. The water content of the RM phases was also measured to provide 
information on the size of the RMs and to establish how the Fab fragment was 
solubilised within the RMs. 
 
The third aim was to study the effects of system parameters on the FE and BE of 
cytochrome-c using two surfactants in both isooctane and corn oil, in order to 
determine the optimal conditions to achieve a high yielding BE. The feasibility of 
carrying out RM extraction of cytochrome-c using isooctane in a hollow fibre 
membrane (HFM) module was also investigated, and mass transfer rates were 
determined when possible; this resulted in an efficient separation at a larger scale 
and in a continuous mode. The water content of the RM phases was also measured 
for both extraction methods (conventional and HFM module) to provide information 
on the size of the RMs and to establish how cytochrome-c was solubilised within the 
RMs.  
 
The final aim was to determine how efficiently HFM module extraction using RMs 
would be for the extraction of humanized IgG4 B72.3 MAb Fab fragments using two 
surfactants in isooctane. This was investigated at the optimum conditions for Fab 
fragments in the conventional method to determine whether the structure of the Fab 
fragment was affected by the HFM extraction process. It was also determined 
whether precipitation had an effect on antibody recovery by measuring the amount of 
Fab stuck in the precipitate, and ways of preventing precipitate formation, and 
whether Fab fragments were getting stuck on the membrane surface during 
extraction. The water content of the RM phases was also measured to determine the 
size of the RMs and to establish how the Fab fragment was solubilised within the 
RMs. 
 
1.3. THESIS OUTLINE 
  
This thesis contains nine chapters; Chapter 1 provides a general introduction on the 
problems faced by the biotechnology industry in developing a successful method for 
protein extraction/separation, the key advantages and disadvantages of the methods 
Chapter 1 - Introduction 
 35 
used to date, possible alternative extraction methods, and the motivation and aims of 
the project. Chapter 2 presents a literature review on the fundamental aspects of 
MAbs and their fragments as well as their use in industry, RMs and their success as 
a novel extraction method, and the use of RMs for the extraction of MAbs. The 
literature review provides both the experimental and theoretical background for data 
analysis, and enables us to formulate specific objectives. Chapter 3 outlines all the 
materials and experimental methods used in this study, and presents the design of 
the HFM module used in this thesis. Chapter 4 examines the effect of system 
parameters on MAb RM extraction yield for two surfactants in isooctane, to determine 
the optimal conditions for high BE yields. Chapter 5 examines the effect of system 
parameters and the addition of counterionic and non-ionic surfactants on Fab 
fragment RM extraction yields for AOT in two solvents, to determine the optimal 
conditions for high BE yields. Chapter 6 examines the same issues addressed in 
Chapter 5 using HDEHP as the surfactant. Chapter 7 examines the effect of system 
parameters and the addition of counterionic surfactant on cytochrome-c RM 
extraction yields for AOT and HDEHP in two solvents, to determine the optimal 
conditions for extraction. Those for isooctane were tested in a HFM module to 
evaluate its feasibility, and the mass transfer performance was calculated when 
possible. In Chapter 8, the optimal conditions in isooctane determined in Chapters 5 
and 6 were tested and evaluated in a HFM module using RMs, where the mass 
transfer performance was calculated when possible. Finally, in Chapter 9 the various 
findings are summarised and discussed, and the core outcome of the research, the 
conclusions and suggested future work are presented. 







To date RMs have attracted interest as a novel extraction method and thus their 
fundamental and technological aspects have been widely researched resulting in an 
immense amount of literature on RMs and their use in protein extraction. This review 
will focus on both the characterisation and key research carried out on: RM 
extractions for a variety of proteins; the history and growing interest in MAbs; and RM 
extraction scale-up. The main objectives will be the possibility and the effectiveness 




Antibodies are globulin proteins (immunoglobulins) that react specifically with the 
antigen that stimulated their production (Josic and Lim, 2001). Based on the 
electrophoretic migration rate, there are three types of globulins; alpha, beta and 
gamma (Josic and Lim, 2001). In mammals there are five classes of antibodies, IgA, 
IgD, IgE, IgG and IgM, each with its own class of heavy chain, a, d, e, g, and m, 
respectively (Kontoravdi, 2003). Immunoglobulins (IgG) are soluble serum 
glycoproteins involved in the humoral immune response, binding to antigens to 
inactivate them or triggering an inflammatory response which results in their 
clearance (Raju et al., 2000).  
 
2.3. STRUCTURE OF WHOLE ANTIBODIES AND ANTIBODY 
FRAGMENTS 
 
“IgG, being the prototype antibody class as well as the simplest molecule, has a Y 
shape and is made up of a symmetrical structure made up of four polypeptide chains, 
two light chains (L) and two heavy chains (H), as well as a molecular mass of ca. 150 
kDa” (Figure 2.1) (Josic and Lim, 2001). Both the heavy and light chains are 
subdivided into variable (V) and constant (C) regions. These regions form the antigen 
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binding site of the molecule and are therefore referred to as complementary 
determining regions (CDRs). The remainder of the variable domain is termed the 
framework region (Bowering, 2000; Leatherbarrow et al., 1985; Nose and Wigzell, 
1983). The variable regions are responsible for antigen binding, whereas the 
constant regions are responsible for various biologic functions. The remarkable 
specificity of antibodies is due to the variable antigen binding regions (Josic and Lim, 
2001). There are four subclasses, IgG1-IgG4, based on antigenic differences in the H 
chain and on the number and location of disulfide bonds (Josic and Lim, 2001). 
 
Figure 2.1:  Structure of antibody molecule: the Y-shaped IgG consists of two 
light chains and two heavy chains. Each heavy chain consists of 
a variable and constant region that is divided into three domains 
CH1, CH2, CH3. The CH2 domain contains the complement binding 
site and the CH3 domain is the attachment site of IgG to receptors 
on neutrophils and macrophages. The antigen binding site is 
formed by the variable regions of both the light and heavy chains 
[Adapted from Josic and Lim (2001)].  
  
The structure of an antibody comprises two antigen-binding fragments (Fab’s), and a 
constant region (Fc) involved in the effector functions and biodistribution of the 
antibody, linked via the flexible hinge region (Cecilia et al., 2004) (Figure 2.2 A). 
“The smallest fragment of an antibody that retains the antigen binding specificity of 
the whole IgG is the Fv, although the single V domain can also bind to antigens. The 
Fv is made of the non-covalent complex of the VH and VL domains. Because of its 
instability at low protein concentrations, the two V domains can be connected to 
strengthen the folding either by a flexible peptide linker to make a single chain Fv 
(scFv) (Figure 2.2 B) or by engineering a disulfide bond by introducing two cysteine 
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residues resulting in a disulfide stabilised Fv (dsFv) (Figure 2.2 C)” (Chowdhury and 
Wu, 2005). A Fab fragment contains the entire light chain (VL + CL) plus the variable 
and first constant domain of the heavy chain (VH + CH1, also referred to as the Fd 
region of the heavy chain). Interchain disulphide bonds increase the stability of the 
Fab compared to Fvs, and Fab fragments have been documented as having the 
same antigen binding activity as the whole antibody. Fab’ fragments are Fab 
fragments with the heavy chain extended to include one or more hinge region 
cysteine residues (Bowering, 2000; Shibui and Nagahari, 1992). A number of 
techniques have been developed for the conjugation of Fab or scFv molecules into 
dimers or higher multimers to increase their functional affinity/avidity. Thus, by 
removing the entire constant region or part or whole of the Fc portion, one can 
generate fragments such as Fvs and Fabs mentioned above, or make diabodies and 
minibodies (Chowdhury and Wu, 2005). “Diabodies are homodimers of scFvs that 
are either covalently linked by a peptide linker (Figure 2.2 D) or non-covalently 
associated with each other. When the VH and VL are co-expressed, a divalent 
molecule is formed (Figure 2.2 E). Minibodies (Figure 2.2 F) are homodimers of 
scFv-CH3 fusion proteins” (Chowdhury and Wu, 2005).  
 
Figure 2.2:  Schematic representation of a whole IgG molecule (A) and 
different fragments that have been engineered (B-F). The diabody 
shown in (D) is a homodimer but can also be made into a 
heterodimer form when V-domains from two different antibodies 
are used [Adapted from Chowdhury and Wu (2005)]. 
 
2.4. MONOCLONAL ANTIBODIES  
  
One of the most important scientific advances of last century is the hybridoma 
technology introduced by Milstein and Koehler in 1975. This technique allows the 
growth of clonal populations of cells secreting antibodies with a defined specificity. 
These immunoglobulins (MAbs) are identical since they are produced by 
descendants of one hybridoma cell (Josic and Lim, 2001). A single MAb is highly 
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specific for a unique antigen and can be isolated at a very high level of purity. The 
purity of the product together with the uniqueness of source and specificity, as well 
as high consistency makes MAbs very attractive both as research tools and as 
potential products (Berna Biotech, 2005). The MAbs offer many advantages due to 
their specificity of binding, homogeneity and their ability to be produced in unlimited 
quantities (Josic and Lim, 2001). At present, MAbs embrace the basis of many 
medical and scientific procedures and are produced for both medical and research 
applications. In the medical world, they are used as diagnostics and as therapeutics 
(ABMAXIS, 2005). 
 
2.4.1. TYPES OF MONOCLONAL ANTIBODIES  
  
There are several types of MAbs which include: murine, human, chimeric, and 
humanised MAbs, as well as MAbs of unidentified category. Murine MAbs are 
generated from murine hybridomas, which are produced by fusing murine myeloma 
cells with antibody-producing B-lymphocytes from immunised mice or rats. The cell 
fusion results in the desired amount of both types of cells, thus enabling continual cell 
growth and the production of large amounts of pure antibody (Günther, 2004). Murine 
MAbs are recognised by the human immune system as foreign which results in the 
recipient producing human anti-murine antibodies (HAMA) against murine 
immunoglobulin. Thus, murine MAbs have a limited duration of effective antibody 
therapy. However, murine MAbs can be humanised by grafting the murine 
complementary determining regions on to homologous human antibody variable 
regions while keeping some framework residues of the murine antibodies that 
predictably influence the conformation of the complementary determining regions. 
Humanised antibodies can significantly reduce the HAMA response in humans (Park 
et al., 2003). Human MAbs are of particular interest, as these minimise the risk of 
immune reactions in patients and hold significant promise as therapeutic entities. 
Chimeric and humanised MAbs are engineered MAbs which are produced using 
recombinant DNA technology and eukaryotic gene expression methods. In 
humanised antibodies the three short hypervariable sequences of the rodent variable 
domains for each chain are engineered into the variable domain framework of a 
human antibody producing mosaic variable regions (Günther, 2004; Ritter, 1995). 
Both humanised and chimeric antibodies retain the human effector region (Fc) and 
are less immunogenic (Ritter, 1995).  
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2.4.2. RECOMBINANT PHAGE ANTIBODIES AND PHAGE 
DERIVED ANTIBODY FRAGMENTS  
  
The benefits of phage derived antibody fragments over traditional antibodies are a 
small penetrative size and rapid production; moreover, the technology can eliminate 
the need for animals. For the moment, MAbs (and their variants) will carry on being 
used as fundamental “work horse” reagents in the clinical setting, but in the future, 
phage antibodies might offer an alternative option for therapeutics and as reagents in 
pathology laboratories (Smith et al., 2004). 
 
2.4.3. GLYCOSYLATION  
  
To define an expression system producing antibodies with the desired functional 
properties is the challenge researchers are faced with. However, since antibodies are 
glycoproteins, there is the additional problem of the contribution of the carbohydrate 
attached to their functional properties. This is a concern, since all antibodies contain 
carbohydrate at conserved positions in the constant regions of the heavy chains, and 
these unpredictably affect protein assembly, functional activity, or secretion. 
Consequently, glycosylation is an essentially complex process whose intention 
seems to be to introduce diversity into cells and proteins. It is clear that correct 
glycosylation is critical for effector activity of antibodies, nevertheless, it seems that 
some alterations in glycosylation may allow the ‘uncoupling’ of certain functions. 
Thus, the fact that amounts of antibodies with explicit modifications in carbohydrate 
structure can be produced might help determine their role in antibody function 
(Wright and Morrison, 1997). 
 
2.4.4. ANTIBODY MARKET 
  
Antibodies and antibody derivatives are currently thought to contribute to over 30% of 
biopharmaceuticals in development and production (Smith et al., 2004). “20 new 
MAbs are expected to reach the drug market by 2012, necessitating a 200% increase 
in manufacturing capacity for that class of protein alone. The current standard 
technology in biomanufacturing uses cultured Chinese hamster ovary (CHO) cells in 
bioreactors. However, a CHO cell-based biomanufacturing plant can cost upwards of 
$250 million, and an error in estimating demand for, or inaccurately predicting the 
approval of, a new drug can be increasingly costly” (Dove, 2002). In an attempt to 
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reduce upstream processing and feedstock costs, both polyclonal and monoclonal 
antibodies have been produced in animal serum, milk and eggs of transgenic 
animals, and transgenic plants (Newcombe et al., 2005). 
 
2.4.5. PRODUCTION AND PROCESS OPTIONS  
  
Production of high purity MAbs on an industrial scale involves several stages, each 
including a variety of operations. The first stage is cell cultivation, i.e. growth of the 
cell lines required to produce the MAb of choice: in vitro (cell culture, microbial), in 
vivo (ascites), or transgenic plants. The second stage is fermentation, i.e. scale-up of 
cells containing MAbs (not for transgenic plants). The third stage is cell recovery and 
disruption, i.e. removal of cells from the fermentation media and release of wanted 
product from the cells. This is then followed by the final stage which is product 
purification, i.e. these are the last remaining steps needed to obtain a high purity final 
product (Günther, 2004). A typical flow chart for MAb production can be seen in 
Figure 2.3.   
 
Figure 2.3:  Flow chart for MAb production [Adapted from Molowa (2001)]. 
 
Antibody purification can be divided into precipitation methods and chromatographic 
methods. Chromatography methods are further sub-divided into non-affinity 
chromatography (size exclusion chromatography, ion-exchange chromatography, 
hydroxyapatite chromatography, hydrophobic interaction chromatography, and 
hydrophobic charge induction chromatography) and affinity chromatography (affinity 
chromatography, affinity ligands, Protein A affinity chromatography, Protein G affinity 
chromatography, Protein L, biomimetic ligand affinity chromatography, immobilized 
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metal affinity chromatography, and immobilized antigen affinity chromatography) 
according to their operational characteristics. The purification of antibodies by affinity 
chromatography can be achieved using various types of ligands, where the choice of 
ligand is based on it demonstrating specific and reversible binding affinity for the 
target substance(s), as well as having chemically modifiable groups enabling it to 
attach to the matrix without affecting binding activity (Saxena et al., 2009).  
 
Proteins A and G are very effective in large-scale purification of monoclonal IgG, 
since support capacity can reach up to 30-40 mg IgG/ml of affinity sorbent under 
selected circumstances. Many MAbs currently on the market for therapy or imaging 
are purified on these proteins. However, these ligands suffer from several 
drawbacks, including the high cost, their biological origin, the requirement for an 
accurate analytical test to assure the absence of contaminants, the low stability 
toward sanitising agents and, finally, a selectivity restricted to IgG (Fassina et al., 
2001). After the introduction of Protein A for the affinity purification of IgG by Hjelm et 
al. (1972) and Kronvall (1973), this method for antibody purification became so 
popular that it currently ranks with ion-exchange chromatography (Follman and 
Fahrner, 2004; Josic and Lim, 2001). “Protein A is a wall component of 
Staphylococcus aureus that binds the Fc portion of IgG specifically. Variations in 
Protein A affinity for IgGs from different species are well known. The most significant 
feature of Protein A affinity chromatography is its simplicity - it can be performed 
quickly and easily with or without sophisticated instrumentation. Most mammalian 
and mouse/rat IgGs bind well to Protein A, achieving efficient purification under 
physiological condition. Protein A chromatography is capable of providing total IgG 
purity as high as 95% in a single step, however, non-specific antibodies from the host 
or serum supplements, which also bind to Protein A, co-elute with the target IgG and 
contaminate the preparation.  
 
The most widely recognised concern with Protein A purification is antibody 
denaturation that can manifest as aggregation, fragmentation and loss of biological 
activity due to harsh elution conditions. Another known problem with Protein A is 
leaching from the column. This is potentially a concern for in vivo antibody use, since 
Protein A is a potent immunomodulator and has proven toxic in clinical trials” (Josic 
and Lim, 2001). Protein A is subjected to degradation by proteases present in 
feedstocks. Consequently, compared to other current chromatographic media, the 
number of use-cycles that can be achieved is relatively limited (Brenac et al., 2005). 
Key disadvantages of Protein A chromatography include cost and resin stability. For 
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all these reasons, alternatives to Protein A columns have been investigated during 
the last two decades (Brenac et al., 2005).  
 
As an alternative to Protein A, Protein G, which is derived from group C and G 
streptococci, has been proposed as a comparable application for purification of 
antibodies. There are some advantages in the binding selectivity of mouse and rat 
IgG for Protein G over Protein A. Purification performance differs considerably 
among commercial Protein G products. Although Protein G offers some advantages 
over Protein A, the concerns related to the use of Protein A such as non-specific 
antibody contamination and ligand leaching are also present with Protein G. 
Furthermore, Protein G is more costly than Protein A (Josic and Lim, 2001). Another 
microbial protein that binds mammalian immunoglobulin has just recently come on 
the market. The protein is originally derived from the cell wall of bacteria 
Peptostreptococcus magnus and is termed Protein L. The protein has a unique ability 
to bind immunoglobulins through the light chains without reacting with the antigen-
binding site allowing for a wider range of antibody classes and subclasses to be 
bound than Protein A or Protein G; Protein L binds IgM most strongly. In addition, 
Protein L is of use for purifying single chain variable fragments (scFv) and Fab 
fragments of immunoglobulins (Josic and Lim, 2001). Nonetheless, depending on the 
application of the antibody, purity and recovery will most probably determine the 
purification method. Ordinarily, multiple step purification and combination of methods 
are needed to attain sufficient antibody purity. Thus, precipitation methods create a 
valuable partnership with chromatographic methods. Salt precipitation followed by ion 
exchange high pressure liquid chromatography (HPLC) is the classical IgG 
purification method (Josic and Lim, 2001). 
 
2.4.6. ALTERNATIVE BIOSEPARATION OPERATIONS 
  
Chromatography is without a doubt the key step in downstream processes, yielding 
high resolution bioseparations. However, it has the disadvantage of being the single 
biggest cost in downstream processing and is a low-throughput operation. Classical 
affinity chromatography has some limitations regarding column operation and 
clogging of the packed bed of absorbents with complex feeds, as the use of very high 
titres (5 to 10 g/L) can lead to oversaturation of affinity columns (Cecilia et al., 2004). 
As a result, alternatives to chromatography are of considerable interest. The unit 
operations that have emerged as chromatography alternatives include membrane 
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filtration, aqueous two-phase extraction, three-phase partitioning, precipitation, 
crystallization, monoliths and membrane chromatography (Przybycien et al., 2004). 
 
2.5. SOLVENT EXTRACTION PROCESSES 
 
Due to the lack of economically feasible conventional extraction techniques, recently 
there has been increasing interest in novel separation technologies, where solvent 
extraction is now finding applications in a wider variety of sectors than in the past 
(Pérez de Ortiz and Stuckey, 2004; Stevens, 2006). Four novel solvent extraction 
technologies have been developed in the last two decades; liquid membranes, non-





Microemulsions were first discovered by Hoar and Schulman (1943) and are single-
phase, thermodynamically-stable mixtures of oil and water where the system is 
stabilised by a surfactant. The surfactant can be pure, or a mixture, and can contain 
a co-surfactant such as a medium chain length alcohol. Microemulsions are made of 
oil droplets dispersed in water (O/W) or water droplets dispersed in oil (W/O). The 
main structure of water-in-oil (W/O) (Figure 2.4 a)) and oil-in-water (O/W) (Figure 
2.4 b)) microemulsions are represented by dispersed micelle-like aggregates and by 
a bicontinuous one, made up by continuous aqueous and organic phases having an 
amphiphilic membrane in-between (Figure 2.4 c)). If other components are present 
in the system apart from the surfactant then these may also be incorporated into the 
micelles or RMs; such systems are known as either mixed micelles or RMs. 
Microemulsions of the water in oil type have attracted a great deal of interest for use 
as an extractant in protein separation (Dekker et al., 1986; Goklen and Hatton, 1985; 
Van't Riet and Dekker, 1984), a novel extraction media for bio-catalytic conversion, 
and as the compartment for isolating and refolding denatured proteins; thus many 
studies have been made of these applications (Adachi and Harada, 1993). “The main 
advantage of using microemulsions as liquid membranes is their relatively high water 
content, which helps solubilisation and maintains the structural integrity of proteins” 
(Qutubuddin et al., 1994).  
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Winsor (1954) separated the phase equilibria of microemulsions into four types, now 
called Winsor I to IV microemulsions. Types I and II are two phase systems where a 
surfactant rich phase (i.e. the microemulsion) is in equilibrium with an excess organic 
or aqueous phase. Type III is a three-phase system in which a W/O or an O/W 
microemulsion is in equilibrium with an excess of both the aqueous and the organic 
phase. Finally, type IV is a single isotropic phase. Nevertheless, all surfactants have 
a critical micelle concentration (CMC), which is the surfactant concentration below 
which RMs are not formed, and physical measurements are used to calculate it 
(Pérez de Ortiz and Stuckey, 2004). The Winsor II microemulsion has attracted the 
most attention in solvent extraction from aqueous feeds due to the fact that it does 
not affect the structure of the aqueous phase; on the other hand, the organic 
extracting phase is now a W/O microemulsion instead of a single phase. W/O 
microemulsions are of great interest due to the presence of the aqueous micro-phase 
in the extracting phase which could enhance the extraction of hydrophilic solutes by 
solubilising them in the RM cores. RMs have four possible solubilisation sites, where 
solubilisation is not only the transfer of solute into the RM cores, but also the 
insertion into the micellar boundary region. The mechanism of solute transfer is either 
physical or chemical, as in conventional solvent extraction (Pérez de Ortiz and 
Stuckey, 2004). 
 
Figure 2.4:  a) water-in-oil microemulsion; b) oil-in-water microemulsion; c) 
regular tridimensional bicontinuous structure [Adapted from 
Barni et al. (1991)]. 
 
2.5.2. MICROEMULSIONS VERSUS LIQUID-LIQUID EXTRACTION 
 
Both microemulsions and traditional liquid-liquid extraction systems are surprisingly 
similar in their composition, as underlined in Table 2.1. The use of microemulsions in 
solvent extraction is particularly attractive because it allows very fast phase transfers 
(achievement of the equilibrium within less than 1 minute) to be obtained, even in the 
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case of excessively slow liquid-liquid extraction systems (Bauer and Komornicki, 
1980). 
 
Table 2.1: Similarity between microemulsions and extraction systems (Bauer 
and Komornicki, 1980). 
 
Microemulsion System (Enhanced Oil Recovery) Liquid-Liquid Extraction Systems 
Brine Salted Aqueous Phase 
Oil Diluant 
Cosurfactant (Alcohol) Alcohol 
Surfactant (Long Chain Sulfonic Acid) Extractant and Additives with Tensioactive Properties 
 
2.6. LIQUID-LIQUID EXTRACTION USING REVERSE 
MICELLES 
 
Liquid-liquid extraction combines moderate to high selectivities with high volumetric 
capacities and the promise of truly continuous operations. For this technology to be 
useful on a large scale, it is necessary to identify inexpensive solvents having the 
desired selectivity characteristics, but which do not damage the labile bioproducts. A 
class of solvents which satisfies these requirements is that of RM-containing organic 
phases (Woll et al., 1987). These are of potential interest in protein purification since 
proteins can be extracted into the polar core of RMs without loss of activity 
(Jarudilokkul et al., 1999b). Compared with other techniques used for protein 
separation, such as membrane separation, chromatography and electrophoresis, the 
use of liquid-liquid extraction for protein separation using RMs has the advantage of 
being more cost effective, allowing easy scale-up as well as continuous operation, 
which is of interest for whole broth processing (Liu et al., 2008). Thus liquid-liquid 
extraction of biomolecules using RMs is a promising method when the traditional 
techniques with organic solvents are limited by protein denaturation and solubilisation 
(Castro and Cabral, 1988; Hatton, 1989; Kadam, 1986). This method involves a very 
simple procedure and requires only two steps; the first is based on the ability of RMs 
to solubilise proteins from an aqueous phase into the water pool of the surfactant 
aggregates; in the second step the solubilised proteins are back-extracted into a new 
aqueous phase by changing the interactions between the protein and the RM system 
(Vicente et al., 1990). The efficiency of a protein liquid-liquid extraction depends on 
system parameters such as the pH of the aqueous phase, the nature of the 
surfactant, the physical-chemical state of the protein and its interaction with 
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surfactant headgroups, and ionic strength (Brandani et al., 1993; Hatton, 1987; Luisi 
et al., 1988).  
 
2.7. REVERSE MICELLES 
 
A micelle is an aggregate of many surfactant molecules. Both of the terms “micelle” 
and “macromolecules” met with strong opposition when they were introduced by 
McBain and Staudinger in the early 1920’s but, eventually, both terms were accepted 
as describing two distinct areas within the field of high molecular weight compounds 
(Jackle, 1982). Figure 2.5 gives an idea of the structure of normal (aqueous) and 
RMs, as well as of the surfactant AOT. Most important is the fact that RMs exhibit 
relatively ordered structures, characterised by a definite (although average) radius, 
molecular weight, and packing density (Luisi, 1985). 
 
Figure 2.5:  An idealised representation of normal (aqueous) and RMs in 
cross section. The structure of sodium 1,2-bis(2-
ethylhexyloxycarbonyl)-1-ethanesulfonate (AOT) is also shown 
[Adapted from Luisi (1985)]. 
 
RMs are formed by amphiphilic molecules (surfactants) in organic solvents: the polar 
groups (heads) of the surfactant molecules are directed towards the interior of the 
spheroidal aggregate, forming a polar core and the aliphatic chains are directed 
towards the organic solvent; this is the ‘reverse’ of the situation in normal micelles in 
water. Water can be solubilised in the polar core of RMs, forming the water pool. 
RMs can be envisaged as droplets of water maintained in solution in apolar solvents 
by the action of the surfactant (Luisi and Laane, 1986). The proteins solubilised 
within this polar core are protected from the harsh organic environment by the water 
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shell around the protein. The protein can be induced to move from a bulk aqueous 
phase into the micelle-containing organic solvent, and vice-versa, by manipulation of 
the pH, ionic strength and surfactant concentration (Dekker et al., 1986; Goklen and 
Hatton, 1985, 1986, 1987; Leser et al., 1986; Luisi et al., 1979; Meier et al., 1984; 
Van't Riet and Dekker, 1984) (Figure 2.6).  
 
Early research was carried out by several researchers dealing with the use of RMs 
for protein separation (Dekker et al., 1986; Goklen and Hatton, 1987; Kadam, 1986; 
Leser et al., 1986). It has been reported in many studies that enzymes could be 
solubilised in RMs and that they retained their catalytic activity and their substrate 
specificity (Barbaric and Luisi, 1981; Hilhorst et al., 1984; Luisi and Laane, 1986; 
Martinek et al., 1986; Shield et al., 1986; Srivastava et al., 1987). On the basis of the 
results already published, extraction of enzymes by organic solvents using RMs 
appears to be a promising method (Hatton, 1987; Jolivalt et al., 1990a; Kadam, 1986; 
Luisi et al., 1988; Luisi and Magid, 1986). RM systems can be used to largely 
overcome the problem of protein aggregation that often occurs during protein 
renaturation in standard aqueous solutions (Garzaramos et al., 1992; Hagen et al., 
1990a, b). On the other hand, the ability to encapsulate proteins has brought about 
interest in the development of protein purification techniques (Goklen and Hatton, 
1985). It has also been proposed that the behaviour of proteins in RMs mimics the 
behaviour of membrane-bound proteins (Madhusudhan Rao et al., 1992). The large 
interfacial areas generated by micellar solutions allow amplification of the effects of 
such membrane-bound proteins, and the biomimetic concept has been used 
successfully in understanding the behaviour of such proteins (Defosses et al., 1991).  
 
Figure 2.6:  Protein solubilisation in RMs [Adapted from Woll et al. (1987)]. 
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RMs have been employed for the extraction and purification of several industrially 
relevant proteins, including lipases (Aires-Barros and Cabral, 1991), amylases 
(Dekker et al., 1991b), proteases (Jolivalt et al., 1990a), and food proteins. They 
have shown robust responses to complex feed mixtures, including whole and 
distributed cells (Giovenco et al., 1987), fermentation broths (Rahaman et al., 1988), 
and dried solids (Leser et al., 1990). The results of these purifications are 
encouraging, where each of these purifications has exploited the unique charge 
characteristics of the protein of interest to partition it selectively into the RM phase 
(Kelley et al., 1993). Adjustment of solution pH controls the protein charge, and 
protein extraction is closely tied to the protein’s isoelectric point (Goklen and Hatton, 
1987). In addition, the water content of the RM phase can be controlled by the salt 
concentration of the supporting aqueous phase (Leodidis and Hatton, 1989b). In 
many cases, recovery of the protein can be achieved by altering the pH of the BE 
buffer, and increasing the salt concentration (Goklen and Hatton, 1987; Marcozzi et 
al., 1991), as in ion-exchange processes. Also, the addition of disrupting agents such 
as ethyl acetate (Woll et al., 1987) or ethanol (Aires-Barros and Cabral, 1991) can be 
used to achieve dewatering of the RMs, with subsequent protein rejection. 
Temperature increases, too, have been exploited to reduce the water content of a 
cationic/nonionic RM phase, with excellent concentration of the product, amylase 
(Dekker et al., 1991b).  
 
The extraction of proteins using RMs is suitable for the practical application in large-
scale and continuous processing, because it approximates to liquid-liquid extraction. 
RMs are also very attractive systems for some enzymes when substrates and/or 
products are hydrophobic and a low water content is desired, e.g., lipase (Han and 
Rhee, 1986; Naoe et al., 2001). In view of these advantages, the use of RM organic 
solutions as reaction and separation media for industrial processes is anticipated 
(Kinugasa et al., 2003; Lee et al., 1998; Nagayama et al., 2002; Su and Chiang, 
2003). It has been reported that several significant operating parameters govern the 
behaviour of protein extraction and enzyme reaction in RMs, such as water content 
(Gupte et al., 1995; Han et al., 1990; Pedro et al., 2002), organic solvent (Chang and 
Chen, 1995a; Han and Rhee, 1986; Lee et al., 1998; Ono et al., 1996), and 
amphiphile concentration (Gupte et al., 1995; Ichikawa et al., 1992; Nagayama et al., 
1998; Naoe et al., 1996; Naoe et al., 1997; Pedro et al., 2002). Proteins have an 
intrinsic molecular architecture which is crucial for protein function (Creighton, 1993). 
In protein extraction the structure of the protein recovered from the micellar organic 
phase may change due to changes wrought in the micellar organic environment, and 
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this is dependent on the type of micellar system and/or the protein species (Naoe et 
al., 2004). 
 
2.7.1. STRUCTURE OF THE PROTEIN-CONTAINING REVERSE 
MICELLES/ STRUCTURAL ASPECTS 
 
The form, size and various structural properties of RMs have been considered by 
various authors in the late 1970s (Rouviere et al., 1979; Zulauf and Eicke, 1979). 
There are three possible situations for a biopolymer solubilised in a micellar 
hydrocarbon solution. In the first case (Figure 2.7 a)) the protein is confined to the 
water pool, and is protected by a layer of water molecules from the surfactant heads. 
In the fourth case (Figure 2.7 d)), the solubilisation is effected by the concerted 
action of several small micelles, whose lipophilic surfaces interact with the 
hydrophobic regions of the protein; however, this is unlikely given that solvents are 
lipophilic. In the second case (Figure 2.7 b)) the lipophilic part(s) of the protein is 
directly exposed to the hydrocarbon solvent, and/or interacts with the lipophilic chains 
of the surfactant molecules (Luisi and Wolf, 1980). In the third case (Figure 2.7 c)) 
the protein is adsorbed to the micelle wall (Luisi, 1985). Finally (Figure 2.7 e)), 
solubilisation might occur via ion-pair interactions between the charged head groups 
of the surfactant and ionised side chains of the protein. Of course, a combination of 
two or more of these limiting models is conceivable. Luisi and Wolf (1980) found that 
spectroscopy was a very useful method to determine the position of a given protein in 
a micellar solution under a given set of conditions; they also postulated, on the basis 
of fluorescence, circular dichroism, and UV-absorption spectroscopy, that, at least for 
the cases investigated up until 1980, the “water-shell” model illustrated in Figure 2.7 
a) was the most likely one. 
 
Figure 2.7:  Possible models for a protein hosted in a RM: a) the water-shell 
model; b) the protein has a very lipophilic part; c) the protein is 
adsorbed to the micelle wall; d) the protein is solubilised by 
several small micelles; [Adapted from Luisi (1985)] and e) ion-pair 
interactions between the biopolymer and the ionised surfactant 
heads [Adapted from Luisi and Wolf (1980)]. 
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2.7.2. PROTEIN STRUCTURE AND CONFORMATION 
 
The biological properties of a protein depend on its three dimensional structure, and 
the way in which that structure can be influenced by chemical and physical factors 
such as pH, temperature, and ligands. Even though the structures of over a thousand 
proteins are now known, much less is known about the pathway of protein folding. 
The most useful approach to examining protein folding has been to study the 
refolding of proteins after unfolding (Kelly and Price, 1997). Since the 1980s Circular 
Dichroism (CD) studies of proteins and peptides have undergone a major expansion. 
The main problem of molecular biophysics is that of protein folding, and CD is used 
regularly to follow the folding/unfolding transitions of globular proteins (Oloo, 2003). 
Other spectroscopic methods that offer supplementary information to that obtained 
by CD are Infrared absorption and Raman spectroscopy which are used to study 
proteins and peptides in solution (Creighton, 1993).  
 
CD is a commonly used method for studying peptide and protein conformation, and 
has an important role to play in providing structural and kinetic information about the 
pathway(s) involved in protein folding (Kelly and Price, 1997). It has been possible to 
carry out the characterisation of a quaternary-structured folding intermediate of an 
antibody Fab-fragment, by analysing a late intermediate of the Fab fragment of a 
MAb from mouse origin using CD (Lilie et al., 1995). CD is also very sensitive to 
protein conformation and is thus a suitable technique for examining the structural 
changes in proteins, since the structural changes resulting from alterations in the 
substitution of amino acid residues are detected and characterised by the use of CD 
(Oloo, 2003). Circular dichroism is thus a sensitive indicator of the main-chain 
conformation of proteins as well as an expression of optical activity (Stryer, 1999).  
 
The CD spectrum is separated into three distinct regions: the far-ultraviolet (below 
250 nm) which is sensitive to its main chain conformation and which is dominated by 
the amide chromophore; the aromatic region of the near-ultraviolet (between 250 and 
300 nm) which is sensitive to tertiary structure and is dominated by the side chain 
chromophores; and finally the near-ultraviolet (between 300 and 700 nm). Davis et al. 
(1996) studied the photophysics of human serum albumin (HSA) in AOT RMs using 
fluorescence quenching and CD in order to demonstrate that a compartmentalised 
protein exists in its native state only within a particular size of aqueous cavity. They 
found that far ultraviolet CD measurements showed that a reduction in quencher 
accessibility to the fluorophore was consistent with the protein being nearest to its 
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native conformation at a water pool size of around 80 Å diameter. They also found 
that the biexponential fluorescence decay of N-acetyl-L-tryptophanamide (NATA) in 
AOT RMs arose from the probe being located in two distinct sites within the 
interfacial region. The more viscous of the two sites was found to be located on the 
water pool side of the interface, while the other was on the oil side of the interface.  
 
CD has also been used for structural, conformation and thermal stability studies on 
MAbs and their fragments. Tetin et al. (2003) compared the secondary structure 
calculated from the far-UV spectra with X-ray data for three antibody Fab fragments 
and found that the similarity between crystallographic and spectroscopic findings 
shows that modern methods of secondary structure calculation are resilient to 
distortions of the far-UV CD spectra of immunoglobulins caused by aromatic side 
chain chromophores. Ejima et al. (2007) used CD together with other methods to 
study the effects of acid exposure on the conformation and stability of two human 
MAbs and found that the near-UV and far-UV CD spectra implied that exposure of 
these antibodies to pHs between 2.7 and 3.9 provoked only limited conformational 
changes, with greater changes at lower pHs. They also found that the acid 
conformation was far from unfolded, and that in the near-UV spectra little change 
was observed after incubation suggesting that the acid conformation is stable. 
Vermeer and Norde (2000) used CD to monitor and study the effect of the 
denaturation process on the secondary structure of Immunoglobulin G, and the 
results indicated different domains which denatured both independently and 
reversibly, and that the structure of the aggregates formed was affected by the 
denaturation method. Vermeer et al. (2000) used CD to study the secondary 
structure as well as the thermodynamic stability of the two single 
immunogammaglobulin of isotype 2b fragments (Fab and Fc) and compared them 
with those of the intact immunoglobulin. They found that the structural integrity of the 
two single fragment units was retained after the fragmentation of the IgG, that the 
fragments denatured at different temperatures (~61ºC for Fab and 71ºC for Fc), and 
that the structural transitions observed in the whole IgG were the sum effect of those 
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2.7.3. PROTEIN REFOLDING AND UNFOLDING IN REVERSE 
MICELLES 
 
The study of protein refolding in RMs was undertaken to reduce the problem of 
aggregation which causes a severe decrease in yield during the recovery of 
recombinant proteins from bacterial inclusion bodies. The RMs isolate the protein 
molecules from each other during refolding, and thus reduce the intermolecular 
interactions which lead to aggregation (Hagen et al., 1990b). The feasibility of this 
process was demonstrated by Hagen et al. (1990a). They developed a novel process 
which uses RMs to isolate denatured protein molecules from each other and allows 
them to refold individually. By adjusting conditions such that only one protein 
molecule is present per RM, Hagen et al. found that it was possible to achieve 
independent folding without encountering the problem of aggregation due to 
interaction with neighbouring molecules. Therefore, they decided to expand the 
scope of this study to better understand both the general mechanisms of protein 
refolding in RMs, and the biotechnological applicability of the process using a more 
hydrophobic protein. The experiments indicated that unfolded hydrophobic proteins 
interact with the surfactant molecules, which limits their ability to refold in RMs. On 
the other hand, it has been demonstrated that membranes can influence the folding-
unfolding reactions of proteins and change the protein conformation compared to the 
solution state. Meersman et al. (2005) reported on the pressure stability of α-
chymotrypsin in the ternary system bis(2-ethylhexyl)sodium sulfosuccinate-octane-
water using Fourier Transform Infrared (FTIR) spectroscopy, where the ternary 
system forms anionic RMs which mimic cellular conditions. They found that inclusion 
of a single protein molecule in a RM did not alter its conformation, suggesting that 
membranes may cause the formation of alternative conformations that are more 
susceptible to aggregation. Fan et al. (2008) investigated the refolding kinetics of the 
reduced, denatured lysozyme in AOT RMs at various water-to-surfactant molar ratios 
by fluorescence spectroscopy and ultraviolet spectroscopy. They found that the RMs 
could isolate denatured protein in an “individual compartment” and minimise the side 
processes resulting in protein aggregation, and that the RMs, as geometrically 
restricted spaced, could also subject the protein to a squeezing force and facilitate 
the collapse of denatured protein. This is similar to chaperone-assisted protein 
folding in vivo, thus demonstrating that AOT RMs with suitable water-to-surfactant 
ratios are favourable to the oxidative refolding of reduced, denatured lysozyme at a 
higher concentration, compared with bulk water.  
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2.7.4. PROTEIN SOLUBILISATION 
 
Luisi and co-workers (Luisi et al., 1979; Luisi et al., 1983; Meier et al., 1984) were the 
first to recognise the potential for separating and purifying proteins based on their 
ability to transfer selectively from an aqueous solution to a RM-containing organic 
phase and to be subsequently recovered in a second aqueous phase (Hatton, 1989). 
Since then, several models (Bonner et al., 1980; Brochette et al., 1988; Chatenay et 
al., 1985; Chatenay et al., 1987; Grandi et al., 1980; Levashov et al., 1981, 1982; 
Pileni et al., 1985; Ramakrishnan et al., 1983; Robinson et al., 1984; Sheu et al., 
1986; Zampieri et al., 1986) have been proposed to describe the solubilisation of 
protein in RMs (Pileni, 1989). An organic phase containing RMs can coexist with an 
aqueous phase (Winsor II) system, and within certain ranges of pH and ionic strength 
proteins can be transferred from the aqueous phase into RMs. Because the 
composition of both phases that promotes phase transfer varies for each protein, 
protein extraction with RMs could offer an attractive method for the purification of 
proteins from mixtures, e.g. fermenter broths. Some applications have been 
described, and it has been shown that this process can be scaled up using either 
mixer settler units, or centrifugal separation (Hilhorst et al., 1995). Therefore, in 
recent years, extensive research has concentrated on the parameters in the aqueous 
phase (Hatton, 1989), and less attention has been paid to the effect of the 
parameters in RM solution, especially the effect of solvent type (Chang and Chen, 
1995b). 
 
2.7.5. PROTEIN EXTRACTION 
 
Various techniques are available for the extraction of proteins using RMs; these 
include affinity partitioning, affinity precipitation, affinity extraction, aqueous two-
phase systems, aqueous two-phase mixed systems, pressurized gas phase, and 
dehydration with molecular sieves. These bioseparation techniques, although they 
require more in depth research show promise, and therefore could become methods 




The lack of a suitable solvent system capable of exhibiting the required selectivity for 
one molecular species over another, and which is not harmful to labile solutes, has 
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limited the implementation of extraction techniques in protein recovery operations 
(Goklen and Hatton, 1986). It has been recognised that there are only a handful of 
solvents that form RMs in comparison to the vast array available. Solvent type and 
structure affect the type of microemulsion formed, and its inherent physicochemical 
properties (Mat and Stuckey, 1993). Magid (1979) grouped solvents into: those 
forming micelles due to solvophobic interaction; those solvents that promote 
electrostatic interactions and as a result form RMs, and; those in which aggregation 
does not occur. These three classes of solvents can be represented by the scheme 
below based on solvent polarity (Kitahara et al., 1962): 
 
Micellar Dispersion (Aqueous) ↔ Molecular Dispersion (Polar) ↔ Inverted Micellar Dispersion (Non-Polar) 
 
Based on the above scheme, solvent selection can be limited only to solvents with 
non-polar properties, such as simple aliphatics, cycloaliphatic and aromatic 
hydrocarbons. In general, the more non-polar the solvent is, the more the surfactant 
is likely to aggregate so as to form RMs. On the other hand, more polar solvents are 
expected to penetrate more deeply into the surfactant monolayer, and consequently, 
the water pool radius is less than the actual RM radius. For that reason, when 
proteins partition into the RM water pool the interface is pushed outward to make 
room for the protein molecules (Mat and Stuckey, 1994). In addition to solvents, a 
cosolvent can be used; a cosolvent is a type of solvent which can help surfactants to 
dissolve in the solvent and form RMs. A cationic surfactant, especially the quaternary 
ammonium salts, often need a cosolvent to help it form a RM solution (Chang and 
Chen, 1995b). The extraction of proteins using these RMs has been reported by 
some researchers, such as the continuous extraction of α-amylase by RMs with a 
cationic trioctylmethylammonium chloride (TOMAC) surfactant, octanol as cosolvent 
and isooctane as solvent (Dekker et al., 1986). The extraction of protein by RMs of 
cetyltrimethylammonium bromide (CeMe3NBr-CTAB) in isooctane with addition of a 
cosolvent n-hexanol (Meier et al., 1984), and the solubilisation of α-chymotrypsin by 
RMs of a mixture of quaternary ammonium salt Aliquat 336 in isooctane with addition 
of isotridecanol as the cosolvent (Jolivalt et al., 1993) has also been reported. Finally, 
Chang and Chen (1995b) investigated the effect of solvent type and cosolvent 
concentration on the recovery of α-amylase activity from a crude enzyme 
preparation, and demonstrated that hexane and isooctane may be considered as 
suitable solvents for Aliquat 336 RMs to recover α-amylase with liquid-liquid 
extraction. 
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The most popular non-polar solvents normally chosen are n-octane, iso-octane, 
heptane, cyclohexane, benzene, halogenated benzene and halogenated alkanes, 
such as chloroform, and water is usually the chosen polar solvent; where AOT is 
regularly chosen as it aids the formation of RMs in the absence of a co-surfactant 
and as the water pool inside the core of the RMs is generally large. Therefore, the 
water core of these structures can be used as micro-reactors for carrying out wet 
chemical reactions, and also for dissolving water soluble proteins, enzymes, etc. 
(Bohidar and Behboudnia, 2000). 
 
Recent studies carried out by Dr. D. A. George on the AOT RM extraction of 
lysozyme and bovine serum albumin (BSA) using vegetable oils (rapeseed oil, corn 
oil, sunflower oil) as the organic medium in The Department of Chemical Engineering 
of Imperial College London (personal communication, 2007), revealed that all three 
oils were similar in terms of extraction efficiency even though their viscosity differed 
substantially, and that the bioactivity of the proteins recovered after BE appeared to 
be reduced. In these studies the extraction efficiency of both globular proteins were 
investigated by changing parameters such as pH of the aqueous phase, surfactant 
concentration, oil type, as well as cation concentration and type in the aqueous 
phase. This revealed that with lysozyme, optimised conditions resulted in 90-95% FE 
and 80-85% BE, although very slight precipitation was observed in FE and the 
maximum extraction was obtained with only 5 mM AOT. With BSA the optimal 
extraction was 80-85% FE and 75-80% BE. Although the dissolution of AOT in these 
oils required more time compared to organic solvents, it was enhanced with suitable 
co-surfactants such as 1-hexanol. Water content ( oW ) analysis revealed that RMs 
with a oW  of around 35 formed in the presence of vegetable oils using AOT as the 
surfactant, and that in the presence of AOT/rapeseed oil/1-hexanol, RMs formed with 
oW  values around 37. Hence, all three oils showed great promise in the extraction of 




The surfactants used to form RMs play an important role during protein extraction as 
they form the phase boundary between the organic and aqueous phases. Surfactants 
are thus amphiphilic molecules containing non-polar (hydrophobic tail) and polar 
(hydrophilic head) parts able to interact with the interface; however, above a critical 
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micelle concentration (CMC), the surfactant molecules readily associate to form 
specific structures, such as micelles. Depending on the nature of the headgroups, the 
surfactants are classified into three main categories, anionic, cationic and zwiterionic 
(Anarbaev et al., 2009). Sodium bis(2-ethylhexyl) sulfosuccinate, i.e. sodium di-(2-
ethylhexyl) sulfosuccinate (Aerosol-OT or AOT), and phospholipid solubilised water 
pools in hydrocarbon solvents are the most frequently used systems, where AOT is 
the favoured surfactant since it can solubilise substantial amounts of water, which in 
turn is able to accommodate large proteins (MW > 500,000) (Fendler, 1982). On the 
other hand, the surfactants generally used for RM extraction of enzymes are AOT or 
cetyltrimethylammonium bromide (CTAB) and only a few others (Barbaric and Luisi, 
1981; Luisi and Magid, 1986; Martinek et al., 1986; Menger and Yamada, 1979). 
Nevertheless, quaternary ammonium salts, in most cases trialkylmethyl ammonium 
salts, have been the second focal point of work in this field. These molecules are 
cationic amphiphiles and have been revealed to be a complement to studies on the 
influence of the charge of the surfactant, compared to anionic AOT (Jolivalt et al., 
1990b). Surfactant-protein interactions have been extensively investigated; in the 
simplest form there is competition between surfactant self-association (micelle 
formation) and surfactant protein binding. The latter may lead to denaturation and/or 
conformational changes (Fendler, 1982). Investigations of the effects of surfactants 
on protein stability and conformational changes have provided insight into the 
structure of proteins (Jencks, 1969; Nemethy, 1967).  
 
In AOT-isooctane systems the micelles are spherical, nanometre sized particles (with 
diameters ranging from 10 to 200 Å) which are thermodynamically stable (Andrews 
and Haywood, 1994), and AOT is the most often-used surfactant in protein extraction 
studies (Ayala et al., 1992). Despite its popularity for researching model systems, 
AOT has a number of limitations because once proteins are extracted into the AOT 
RM phase, it is difficult to separate them from the surfactant (Hu and Gulari, 1996). 
However, such limitations might be overcome by using other surfactants (Fletcher 
and Parrott, 1989). Sodium bis(2-Ethylhexyl) phosphate (NaDEHP) is an anionic 
surfactant which has the same hydrocarbon tail as AOT, but a different polar head. 
Its most attractive characteristic is that its RMs can be easily broken by converting 
the sodium salt, NaDEHP, to a non-surface-active divalent metal salt, M(DEHP)2, and 
since its phase separation is much faster than AOT, it can also be readily recycled. 
This was investigated by Hu and Gulari (1996) who concluded that this surfactant 
could be superior to AOT for extraction of proteins, achieving overall recoveries of 
98% for cytochrome-c and 67% for α-chymotrypsin, and that this method separates 
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the proteins from the surfactant with very high overall efficiencies. Li et al. (2000) 
carried out a comparative study on the structure of water in AOT and NaDEHP RMs 
in n-heptane by means of spectroscopic techniques. They found that the unusual 
spectroscopic behaviours of solubilised water in the two systems were attributed to 
its strong interactions with surfactant ions and to the change in morphology and sizes 
of surfactant aggregates with increasing water content. Where changing the charge 
of surfactant counterion modified the properties of RMs, which indicated that 
counterions play a significant role in the variations in infrared spectra and water 
proton magnetic resonance. 
 
Onori and Santucci (1992) carried out an infrared study of micelle formation in AOT-
H2O-CCl4 solutions, where they dealt with the question of water structure close to the 
interface, and whether a well-defined CMC exists in micellar systems. They found 
that: (i) at low oW  values the water in the micellar core was structurally and 
motionally different from unperturbed bulk water; and (ii) on increasing oW , water 
displayed more marked “bulk” properties, and the absorption bands approached that 
of bulk water. Another type of surfactant different from AOT, which has one head 
group and two alkyl chains, is a gemini surfactant, which is made up of two 
hydrophilic head groups, two hydrophobic chains, and a spacer linked at or near the 
head groups by means of a covalent bond. The size of the head of gemini surfactants 
depends on the length of the spacer chain, which comprises the dissociation of the 
head group and the alteration of hydration, enabling the RMs formed by gemini 
surfactants to be used to study the effect of the head group on the state of water 
(Zhao et al., 2007). Zhao et al. (2007) used FTIR to study the states of water in the 
RMs formed by gemini surfactants in n-heptane, and demonstrated that the 
solubilisation of water in these type of RMs had four states, where swelling of the 
RMs was observed with increasing oW , where the head-bound water of their system 
was found to be smaller than that of an AOT system at the same oW .  
 
Peng and Luisi (1990) studied another type of RM called lecithin RMs which are good 
hosts for enzymes, and found that even within the small series of lecithin compounds 
investigated, there was clear evidence of the influence of the surfactant chain length 
on enzyme properties. The proteases in lecithin RMs, despite the fact that they are 
hydrolases utilising water as one of the co-substrates, showed their maximal activity 
at rather small oW  values. Therefore, lecithin RMs could become an attractive 
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alternative to AOT RMs in the future. In addition, due to the toxicity of ionic 
surfactants, which impedes their use in downstream processing, the use of 
zwiterionic surfactants, such as soybean lecithin have also emerged as an alternative 
surfactant resulting in biocompatible RM systems. Such biocompatible RMs have 
been found by Hasmann et al. (2007) to work well in a continuous counter-current 
process for enzyme purification resulting in decreasing process time and costs and 
increasing process yield. 
 
Mixed surfactant systems can also be used, and even though the addition of a 
second surfactant can alter the RM interface, it can also enhance its solubilisation 
capacity, which can increase enzyme activity, result in better protein extraction, as 
well as enhance nanoparticle synthesis. The second surfactant or co-surfactant is 
usually non-ionic, and is added to the main ionic surfactant to form mixed RMs. 
Typical non-ionic co-surfactants used are the commercial Brij surfactants, such as 
the polyoxyethylene(4) lauryl ether (Brij 30) amongst others. In typical AOT mixed 
RMs there are two possible solubilisation sites for the non-ionic surfactant, this is 
either immersed inside the micellar water pool or solubilised in the AOT surfactant 
head group region (Chatterjee et al., 2006). Paul and Mitra (2006) investigated the 
conductivity of mixed RM systems and their percolation (i.e. during the phenomenon 
of conductance percolation, the droplets containing surfactant ions come to a 
threshold distance wherein transfer of charge between them occurs efficiently; they 
are physicochemically dynamic and can approach their neighbours by diffusion to 
transfer charge (Moulik and Paul, 1998)) under varying concentrations of amphiphiles 
and different additives, since additives have been found to affect the percolation 
process by modifying the amphiphilic region. This phenomenon has been shown to 
either occur earlier (assistance) or to be delayed (retardation) in the presence of 
additives. Similarly Chatterjee et al. (2006) carried out conductometric and 
spectrophotometric investigations on the interface of AOT/Brij mixed RMs and found 
that replacement of AOT molecules with small polar head group Brij molecules 
increased the solubilisation capacity of AOT/isooctane RM systems retarding the 
conductance percolation, whereas those with large polar head groups decreased it in 
turn assisting the conductance percolation. With the addition of larger polar head 
group Brij molecules, the fluorescence intensity decreased depending on the polar 
head group as well as the tail part of the added non-ionic co-surfactant. Correa et al. 
(1996) studied the micropolarity of anionic (AOT), cationic (Benzyl-n-
hexadecyldimethylamonium chloride (BHDC)) and non-ionic (Pentaethylene glycol 
dodecylether (C12E5) and Brij 30 (the commercial analog of C12E4)) RMs to compare 
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them. They found that water addition in all the systems studied always increased the 
micropolarity sensed by the probe (1-methyl-8-oxyquinolinium betaine (QB)), and 
even at the maximum possible oW  never reaches the value of pure water, i.e. never 
reaching the bulk water phase existing in the micellar core, which appears to be a 




The addition of alcohols results in strong effects on the elasticity and spontaneous 
curvature of the micellar shell (Degennes and Taupin, 1982; Leung and Shah, 1987). 
Additionally, the presence of alcohols decrease the aggregation number of surfactant 
molecules and diameter of the RMs (Caponetti et al., 1992; Lang et al., 1991), 
however, the changes depend on the alcohol hydrophobicity (Caponetti et al., 1992; 
Lang et al., 1991; Lissi and Engel, 1992). The alcohol partitioning between the 
micellar shell and organic solvent depends on alcohol concentration and 
hydrophobicity (Caponetti et al., 1992; Lissi and Engel, 1992). The incorporation of 
alcohols into the palisade AOT layer (alcohols as cosurfactants) has a catalytic 
effect. Additionally, the incorporation of alcohol molecules into the palisade AOT 
layer changes the mechanical properties of the interfacial layer by changing the 
frequency of the bud fluctuations and the degree of successful fusion. The above 
was demonstrated by Plucinski and Reitmer (1995) when they studied the influence 
of cosurfactants on the solubilisation of phenylalanine in RM solution, as well as on 
the kinetics of phenylalanine solubilisation.  
 
2.9.2. WATER POOL, WATER SOLUBILISATION CAPACITY AND 
WATER UPTAKE 
 
The quantity of water solubilised in a RM solution is usually written as oW , and this 
gives a good indication of the size of the micelle. This parameter is very important as 
it will determine the number of surfactant molecules per micelle, and is the chief 
factor affecting micelle size. In order to establish a Winsor II system, the surfactant 
solubility in the non-polar solvent has to exceed that in the polar solvent (Winsor, 
1948). In addition, it has been shown (Luisi et al., 1988) that the activity of the water 
in this aqueous microphase is a function of the RM water content (Wong et al., 1977). 
Therefore, the water content of the RMs is likely to have a strong influence on the 
partitioning behaviour of a protein in Winsor II systems (Krei and Hustedt, 1992).  
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2.9.3. AFFINITY COSURFACTANTS 
 
Protein selectivity of RMs can be improved by adding appropriate cosurfactants with 
affinity head groups recognised by the proteins of interest. Examples include the 
enhancement of concanavalin-A transfer through the addition of alkyl glucosides to 
the RM solution, the interaction of myelin basic protein with lecithin, α-chymotrypsin 
with alkyl boronic acids, and avidin with biotin. The efficiency of this affinity extraction 
process is dependent on the strength of the association between the protein and the 
affinity group on the surfactant, as well as the accessibility of the head group when 
the cosurfactant is located within the RM wall (Hatton, 1992). Enhanced selectivity 
and extraction performance have been observed when an affinity cosurfactant is 




During liquid-liquid extraction a rather stable emulsion is created, hindering effective 
mass-transfer and resulting in insufficient phase separation and high retention times 
in the extraction vessel; which in turn leads to a decrease in product recovery and an 
increase in cost. In terms of thermodynamics, the process of emulsification is non-
spontaneous, and therefore the droplets tend to aggregate and/or coalesce to 
decrease the total energy of the system (Tadros, 1989). Consequently the system 
requires an energy barrier such as a surfactant to avoid coalescence. In fermentation 
broth and agricultural raw materials, several compounds with surface-active 
properties are available, such as proteins and soluble salts of fatty acids, and these 
can lead to high emulsion stability. To destabilise the emulsion several methods have 
been suggested; however, the method of choice is to disrupt the highly organised 
structure of the surfactant at the interface by using a demulsifier (Lissant, 1983). 
Since emulsions are formed primarily by anionic surfactants, the demulsifier added is 
usually a cationic surfactant which can adsorb to the negatively charged surface and 
form relatively non-polar compounds. Additionally, non-ionic surfactants can also act 
as demulsifiers as they adsorb to the interface more simply than natural emulsifiers, 
but have no emulsifying or stabilising effect themselves (Jarudilokkul, 2000; Lennie et 








Protein interactions with surfactants in self-assembled solutions has been a topic of 
in depth research, both in organic solvents and in aqueous solution. This interest is 
motivated by the frequent combination of proteins with amphiphiles in cleaning, food 
products, and pharmaceutical, as well as in biological tissues, and by potential 
protein separation and biocatalytic applications. Recent studies have shown that 
under the appropriate conditions, the presence of proteins can substantially alter the 
overall phase boundaries of the oil-water-surfactant mixture and induce droplet 
clustering (Gerhardt and Dungan, 2002; Huruguen et al., 1991; Ichikawa et al., 
1992). Thus, the interaction of proteins with microemulsions, and especially the role 
that molecule size, hydrophobicity, and conformational effects play in inducing 
structural changes and the formation of a third phase (i.e. the precipitate) has 
become of interest. Loss of solubilisation of proteins in the microemulsion due to 
precipitation is a commonly detected occurrence in the RM extraction of proteins. 
Protein precipitation is particularly observed at low AOT concentration, low pH, and 
sometimes at low salt concentrations. However, the mechanisms leading to a loss in 
protein solubility in the microemulsion phase remain poorly understood (Gerhardt and 
Dungan, 2004). 
 
2.10. EXTRACTION/PHASE TRANSFER OF BIOLOGICAL 
MOLECULES USING REVERSE MICELLES 
 
A RM can be envisioned as a nanometer-scale droplet of an aqueous solution, 
stabilised in an apolar environment by the presence of surfactant at the interface. 
Most proteins are only sparingly soluble in apolar solvents, and the transfer of 
proteins into these solvents frequently results in irreversible denaturation and loss of 
enzymatic function (Goklen and Hatton, 1985). In protein extraction, one phase is the 
aqueous feed solution and the RM phase acts as the extractant. In general, the 
target protein is transferred into the water pool of a AOT in isooctane microemulsion 
(Figure 2.8). This partitioning is rapid, and selectivity can be controlled by a variety of 
protein physico-chemical properties, such as biospecificity, isoelectric point, net 
surface charge and surface hydrophobicity. The partitioned protein is then recovered 
from the microemulsion by disrupting the protein-surfactant interactions. 
Nevertheless, this reverse step is very slow compared to forward partition, and the 
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conditions used might cause protein precipitation and denaturation (Chaudhuri and 
Spirovska, 1994).  
 
Figure 2.8:  Schematic diagram of protein partition into a RM [Adapted from 
Chaudhuri and Spirovska (1994)].  
 
2.10.1. EFFECT OF SYSTEM PARAMETERS 
 
Several factors affect the solubilisation of proteins in micellar solutions, which is 
assumed to occur by the entrapment of the proteins in the polar core of the micelle. 
These system parameters include the size of the protein, and all factors that affect 
the size of the micelle (Day et al., 1979; Kotlarchyk et al., 1982; Maitra, 1984; 
Mathews and Hirschhorn, 1953; Zulauf and Eicke, 1979), as these will affect the 
tendency for a given micellar solution to solubilise a given protein. Another system 
parameter is the charge of the protein relative to the electrostatic potential within the 
micelle, since placing a charged body, such as a protein, within a micelle will affect 
the system energy. The protein charge and factors that determine it, such as pH, and 
the factors that determine the electrostatic state of the micelle will have a very strong 
effect on selectivity of a micellar solution towards a protein as well. In addition to 
these factors, they will also affect the rate at which proteins are transferred between 
phases, if for no reason other than through modifying the driving force for the 
transfer. This may be the reason for the large difference observed between the rates 
of forward and back transfer of proteins (Goklen and Hatton, 1985). Therefore, 
fundamental studies on the factors determining selective separation of biomolecules 
are necessary to establish correlations between the physiochemical properties of the 
proteins and the RM system (Andrews and Haywood, 1994).  
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2.10.2. EFFECT OF SYSTEM PARAMETERS ON FORWARD 
EXTRACTION 
 
If the proteins are solubilised within the polar cores of the micelles, the interphase 
transfer process can be represented as in Figure 2.9. Goklen and Hatton (1987) 
showed that a microemulsion can extract proteins from an aqueous phase selectively 
according to its physical properties (isoelectric point, molar mass). This process is 
named forward extraction (FE) and can be used as a first step in protein recovery 
(Hentsch et al., 1992). In FE, the major system parameters have been defined as pH 
and salt concentration in the aqueous phase (Dekker et al., 1986; Goklen and 
Hatton, 1987), where larger proteins require a larger number of charged residues on 
their surface in order to be transferred into RMs, so the larger the protein, the further 
the pH of maximal transfer is removed from the isoelectric point (Hilhorst et al., 
1992). Surfactant and solvent type and structure in the organic phase is also 
important (Ichikawa and Furusaki, 1995; Mat, 1994).  
 
Figure 2.9:  Protein solubilisation in micellar organic solution [Adapted from 
Goklen and Hatton (1985)]. 
 
2.10.2.1. Effect of pH: The effect of pH on protein solubilisation in AOT/RMs 
is well known and qualitatively and semi-quantitatively (Bratko et al., 1988) 
understood today (Leodidis and Hatton, 1989a). The aqueous phase pH in which the 
protein is dissolved directly affects the charge on the protein: At pH values below its 
pI a protein will have a net positive charge, and at pH values above the pI it will have 
a net negative charge. The net charge of a protein, and the distribution of those 
charges on the protein molecules, will affect the interaction with the surfactant head 
groups and hence the transfer of the protein into the RMs (Andrews and Haywood, 
1994). Thus, the pH determines the net charge and conformational stability of the 
protein (Leodidis and Hatton, 1989a). 
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2.10.2.2. Effect of ionic strength and salt type: The effect of ionic 
strength is mainly to influence the electrostatic interactions between the protein 
surface and the surfactant headgroups. The well-known Debye screening establishes 
the electrical double layer properties adjacent to any charged surface, and affects the 
range over which electrostatic interactions can overcome thermal motion of the 
solute molecules. The typical distance for these electrostatic interactions is the 
Debye length, which is inversely proportional to the square root of the ionic strength 
(Hiemenz and Rajagopalan, 1977). Consequently, increases in the ionic strength will 
decrease this interaction distance, and thus restrain the solubilisation of the protein. 
This decreased interaction was confirmed for AOT RMs in isooctane in equilibrium 
with salt solutions. “As the salt concentration increases, the repulsive headgroup 
interactions between surfactants will be suppressed, permitting the formation of 
smaller micelles” (Hatton, 1987). The strong linear dependence of micelle size on the 
reciprocal square root of the ionic strength argues in favour of the importance of 
Debye screening in these systems. 
 
The salt type will also affect the solubilisation of the proteins (Goklen, 1986; Meier et 
al., 1984). Goklen and Hatton (1985; 1986; 1987) observed that the importance of 
the salt effects in determining water solubilisation capacities in RMs followed the 
now-classic lyotropic, or Hofmeister series within any given valency group. This 
points to the importance of the ion solvation effects, and possibly also specific 
adsorption phenomena in the Stern layers of the micelle wall and protein surface 
(Hiemenz and Rajagopalan, 1977) in these systems, again illustrating the dominance 
of electrostatic interactions in the solubilisation process (Hatton, 1987). It is also 
believed that RM containing protein is rearranged in accordance with the balance of 
the electrostatic interaction between protein-surfactant and surfactant-surfactant and 
its hydrophobicity and stability relate to extraction; where the higher the protein 
hydrophobicity, the higher the protein-surfactant complex hydrophobicity and the 
easier the solubilisation of the protein into the RM phase. However, since the 
electrostatic interaction between the protein and the hydrophilic group of ionic 
surfactants is the key motivating force for protein extraction into RMs, the salts added 
to the aqueous solution to regulate its ionic strength have a strong influence on 
protein extraction, which can be explained from both the electrostatic interaction and 
size exclusion effects (Kinugasa et al., 2003). “From the former point of view, as the 
salt concentration increases, the electrostatic interaction between protein and 
surfactants decreases due to the increase of the electrostatic screening effect, which 
results in the decrease of extraction ratio. From the latter point of view, with 
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increasing the salt concentration, the size of RMs decreases and it becomes difficult 
to incorporate protein into the water pool of a RM” (Kinugasa et al., 2003). Therefore, 
salts present in the system have a strong influence on the extraction behaviour of 
proteins into RMs due to their effects on the electrostatic interaction and the RM size 
(Kinugasa et al., 2003).  
 
2.10.2.3. Effect of surfactant type and concentration: Surfactant 
concentration can have an effect on the solubilisation process (Leodidis and Hatton, 
1989a), this is observed upon increasing surfactant concentration as this results in an 
increase in the number of micelles rather than any substantial change in size, which 
in turn enhances the capacity of the RM phase to solubilise proteins (Pérez de Ortiz 
and Stuckey, 2004). The number of surfactant molecules per micelle, or aggregation 
number, is another important structural parameter which allows for the calculation of 
the number of micelles in a system if the surfactant concentration is known, and it is 
assumed that all the surfactant is located in the RM wall (Andrews and Haywood, 
1994). Woll and Hatton (1989) observed increasing protein solubilisation in the RM 
phase with increasing surfactant concentration. Paradkar and Dordick (1994) 
reported on the extraction of α-chymotrypsin under surfactant concentrations which 
were so low that RMs did not form, and they concluded that hydrophobic ion-pair 
formation between the protein and surfactants was the extracting species in this 
case. Goto et al. (1997) carried out the extraction of cytochrome-c and haemoglobin 
with various synthesised surfactants, and concluded that extraction occurs when the 
interfacial complex of protein and surfactants is sufficiently hydrophobic. These 
results suggest that the size exclusion effect does not necessarily determine the 
extraction efficiency (Kinugasa et al., 2003). In contrast, Jarudilokkul et al. (2000c) 
found that at low “minimal” concentrations (6-20 mmol dm-3 AOT), RMs could be 
highly selective in separating very similar proteins from fermentation broths, and the 
recovery in activity of up to 95% could be achieved from broths. 
 
2.10.2.4. Effect of temperature: Temperature effects have received little 
attention to date, and this is an area that deserves to be explored more because of 
the important thermodynamic information that can be gleaned from this type of study 
(Leodidis and Hatton, 1989a). Luisi et al. (1979) reported that the temperature 
markedly affected the transfer of α-chymotrypsin in a chloroform-
trioctylmethylammonium chloride (TOMAC) system. By increasing the temperature 
from 25 to 40 oC, about 50% higher transfer yield was realised. No appreciable 
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transfer of glucagone took place at room temperature, whereas transfer at 37 oC was 
possible. These results contradict work by Dekker et al. (1991b) who studied the 
back stripping (de-solubilisation) of α-amylase from a TOMAC/ isooctane/ octanol/ 
Rewopal HV5 system by increasing the temperature. This caused a decrease in oW  
with increasing temperature and, as a result, the α-amylase was expelled from the 
RM phase. 
 
2.10.2.5. Effect of affinity ligand: Until 1989 none of the RM studies had 
used affinity ligands to enhance the selectivity of the extraction process. The first 
group were Woll et al. (1989) who used affinity partitioning in a model RM system in 
which they solubilised concanavalin A in AOT/isooctane by introducing an affinity 
surfactant, octyl-β-D-glucopyranoside as a co-surfactant. Further studies by Kelley et 
al. (1993) using octyl glucoside for concanavalin A, lecithin for mycelin basic protein, 
and alkyl boronic acids for chymotrypsin were carried out, and the results show an 
increase in the amount of protein extracted at the same operating pH and salt 
concentration. 
 
2.10.3. EFFECT OF SYSTEM PARAMETERS ON BACKWARD 
EXTRACTION 
 
Even though the solubilisation efficiency of proteins into RMs has been widely 
investigated, very few studies deal with the recovery of the solubilised enzymes into 
an aqueous phase, and their enzymatic activity preservation during this process. The 
search for the conditions which optimise the BE of proteins into the water phase can 
be based on the FE behaviour, which shows that the extraction efficiency is in 
general dependent on the salt-type and concentration used, as well as on the pH 
(Leser et al., 1990). Therefore, Leser et al. (1990) carried out a BE experiment of α-
chymotrypsin into 1M KCl pH 7.5, and showed that the BE yield is dependent on the 
ionic strength which was used in the FE step. They also showed that the enzymatic 
activity which was measured after this two-step extraction into the aqueous solution 
was dependent on ionic strength used for the FE, and in a few cases even observed 
optimal enzymatic activity recovery. The efficiency of BE is influenced by two classes 
of parameters: (1) those influencing and affecting FE such as salt type and 
concentration, surfactant type and concentration, protein type and concentration, and 
pH; (2) the extraction temperature, pH, and salt type and concentration of the 
stripping solutions (Pérez de Ortiz and Stuckey, 2004). 
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2.10.3.1. Effect of pH: The effects of pH and salt on protein extraction in RM 
systems are important (Goklen and Hatton, 1987; Kuboi et al., 1990; Leodidis and 
Hatton, 1989a; Nishiki et al., 1993), and their influence both in the FE and BE steps 
are important. Shiomori et al. (1995) investigated these parameters in more detail, 
and also extended it to other bulky or oligomeric proteins such as BSA, catalase and 
haemoglobin. They found that BE is affected by pH, and the salt concentration in the 
feed and aqueous solution used for BE. The pH values of these solutions, especially 
the feed solution, should be greater than their isoelectric points, pI, since bulky 
proteins are easily denatured by electrostatic interaction with AOT. Therefore, they 
concluded that by controlling these interactions, effective separation of the protein 
could be achieved. It is obvious that in order to recover the protein from RMs the pH 
of the stripping solution needs to change towards the pI which will result in a 
reduction of the protein interactions with the oppositely charged head groups. The 
extent of protein recovery from RMs increases with increasing pH for anionic 
surfactants, however, for cationic surfactants the opposite is true (Pérez de Ortiz and 
Stuckey, 2004). 
 
2.10.3.2. Effect of ionic strength and salt type: For BE, increases in pH 
are not enough to strip the protein out from RMs, this is also due to the size exclusion 
effect resulting from a decrease in the RM size (Dekker et al., 1987a; Goklen, 1986). 
This means that high salt concentration, and salts that form small RMs favour BE. 
Most of the work reported in the literature used KCl solution; normally 1.0 mol dm-3 
KCl coupled with a pH around 7.5 (Pérez de Ortiz and Stuckey, 2004). Marcozzi et 
al. (1991) showed that the pH, ionic strength of the aqueous solution and the type of 
salt used are fundamental parameters of extraction and that the BE efficiency of α-
chymotrypsin depends on the salt type and concentration used in the FE. Nitsch and 
Plucinski (1990) added information about the mass-transfer coefficient. Naoe et al. 
(1995) showed that pre-treatment of the feed solution with a very dilute guanidium 
salt concentration can be employed as an effective method for achieving successful 
FE of proteins into the micellar phase. They then investigated the effectiveness of 
pre-treating the feed solution with very dilute guanidium salt in recovering extracted 
protein from the AOT RM phase using lysozyme as a model protein. This showed 
that adding guanidium salt at a low concentration as a pre-treatment reagent in the 
feed solution led to successful protein recovery, and the enzymatic activity of the 
recovered lysozyme was high (Naoe et al., 2002). 
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2.10.3.3. Effect of surfactant type and concentration: Increases in the 
surfactant concentration will lead to an enhancement of protein extraction due to an 
increase in the number and size of the RMs (Pérez de Ortiz and Stuckey, 2004). 
Hentsch et al. (1992) carried out the optimisation of the surfactant (AOT) 
concentration in a RM extraction process for which a new extraction cell similar to a 
Lewis Cell was used. They showed that the BE of α-chymotrypsin decreased with 
decreasing AOT concentration and recommended that this decrease was the result 
of either α-chymotrypsin being trapped in the emulsion, or denaturation. Hu and 
Gulari (1996) demonstrated that NaDEHP RM solutions can be used very effectively 
for protein extraction, and managed to show that this method separates the proteins 
from the surfactant with very high overall efficiencies (achieving overall recoveries of 
98% for cytochrome-c and 67% for α-chymotrypsin). 
 
2.10.3.4. Effect of counter-ion extraction: Ideally, in order to enhance 
protein activity recovery during BE, mild conditions such as neutral pH and low salt 
concentrations in the fresh aqueous phase should be used. However, in most 
recovery techniques this is not feasible (Jarudilokkul et al., 1999a). Nevertheless, 
these authors came to the conclusion that this may be possible if counterionic 
surfactants such as TOMAC or dodecyltrimethyl ammonium bromide (DTAB) were 
added to break the RMs. This process was found to be more than 100 times faster 
than BE using the conventional method, as much as 3 times faster than FE, and also 
gave higher BE yields compared to the conventional method. 1:1 complexes of AOT 
and TOMAC were formed in the solvent phase at low TOMAC concentrations and 
could be efficiently removed from the solvent by adsorption with Montmorillonite, 
enabling the resulting solvent to be reused for the FE of proteins. 
 
2.10.3.5. Effect of temperature: There are very few studies on the effect of 
temperature on BE. Marcozzi et al. (1991) found that the BE of α-chymotrypsin from 
AOT/isooctane RMs improved from 26 to 50% while working at 38 oC instead of at 
room temperature, and the activity of the recovered enzyme was also improved. 
Dekker et al. (1991b) used temperature to strip out α-amylase from TOMAC RMs. 
Within the temperature range 20-40 oC, 90% of the initial activity of α-amylase could 
be recovered. On the other hand, at higher temperatures denaturation caused a loss 
in activity. The rate of protein transfer was found to be faster and more efficient at 
higher temperatures than usual methods, which they suggested was because of the 
increasing interfacial fluidity, and a reduction in the surfactant affinity for the interface 
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with increasing temperature. Paradkar and Dordick (1993) used temperature change 
to back extract the affinity complex from the RM phase in the purification of soybean 
peroxidase with concanavalin A as an affinity ligand, and found that increasing the 
temperature by 15 to 40 oC, resulted in the successful extraction of the affinity 
complex. Huang and Chang (1995) studied the effect of temperature on the FE and 
BE of α-chymotrypsin in AOT RMs, and found that BE at high temperature reduced 
the stability of RMs and enhanced the transfer of surfactant between the oil and 
water phases, thus increasing recovery. Recently, Yu et al. (2003) also studied the 
effect of temperature on the efficiency of BE of yeast-lipase by varying the 
temperature from 15 to 30 oC, and found that the temperature did not greatly 
influence extraction performance until 25 oC was reached, and then both recovery 
yield and activity was found to decrease. The activity of recovered lipase decreased 
to zero due to the denaturation of protein structure when the temperature reached 35 
oC. 
 
2.10.3.6. Effect of alcohol and carboxylic acid: Goto et al. examined the 
alcohol induced conformational transition of proteins and peptides (Hirota et al., 
1997, 1998; Hirota-Nakaoka and Goto, 1999). They quantitatively estimated the 
effect of a variety of alcohols based on the linear dependence of the free energy 
change of the denaturation with alcohol concentration. Although there had been 
many analytical studies of the structural changes and the stabilisation of proteins due 
to alcohol molecules, no quantitative study of the effects of various alcohols had 
been reported and neither had a study of the application of such systems to practical 
bioprocesses. In 2004 Lee and co-workers studied the effects of the addition of 
alcohols and carboxylic acids on the BE of several small globular proteins, and 
suggested that BE was controlled by the formation of RM clusters as well as the 
denaturation of proteins (Lee et al., 2004). 
 
2.10.4. ALTERNATIVE BACKWARD EXTRACTION PROCEDURES 
 
In the past, the basic idea of BE was to choose the pH and salt conditions that had 
minimal FE efficiency. By using this approach only a small fraction of the protein was 
recovered (Goklen and Hatton, 1985; Jolivalt et al., 1993; Rahaman et al., 1988). The 
liquid-liquid extraction scheme requires the formation of a Winsor II system in which 
the organic micellar solution is in equilibrium with an excess aqueous phase. This, 
however, does not occur with all surfactant/water/oil mixtures under the desired 
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conditions (Pileni, 1989); in these situations alternative BE procedures have to be 
used. In order to improve the BE process, a number of studies have attempted 
various approaches. For example, Dekker et al. (1991b) increased the temperature 
to separate an excess aqueous phase which contained the protein initially solubilised 
in the water phase of the RMs. A similar technique was used by Carneiro-da-Cunha 
et al. (1994b) who studied a method using temperature effects; this study revealed 
that the recovery of cutinase from the RM phase into a new aqueous phase 
increased with temperature, reaching a maximum at 20 oC.  Philips et al. (1991) 
pressurised the RMs with ethylene to convert the water pool into a clathrate hydrate. 
Leser and co-workers (Leser et al., 1993) used silica particles to absorb proteins as 
well as surfactant and water directly from the protein-loaded micellar phase. Gupta et 
al. (1994) and Ram et al. (1994) dehydrated the RMs with molecular sieves to 
recover the protein. Hong et al. (2000) showed that the addition of 0.01-0.04 M 
octanol to the AOT/isooctane organic phase increased the rate of protein BE and 
allowed for 75% BE of bovine carbonic anhydrase. Yet another method was to add a 
large amount of a second organic solvent to destabilise the RM and release the 
solubilised protein. This process is referred to as solvent precipitation, which works 
by the addition of a cosolvent such as ethyl acetate, decanol, ethanol, and acetone to 
the RM phase which in turn decreases the water uptake, causing the protein to be 
expelled from the RM phase. The protein recovery can then be increased by adding 
ethyl acetate, isopropanol, ethanol, and counter surfactants to the receiving aqueous 
phase. In solvent precipitation, it is the direct addition of a cosolvent to the protein-
containing RM phase that breaks the RM structure, since the surfactant dissolves in 
the cosolvent phase, i.e. acetone, while the protein precipitates as a solid because of 
its low solubility in the organic solvent. Thus, solvent precipitation has emerged as 
another alternative to conventional BE (Carlson and Nagarajan, 1992; Kuo, 2005; 
Shin et al., 2003; Wolbert et al., 1989; Woll et al., 1989).  
 
2.10.5. SIMULTANEOUS EXTRACTION I.E. DOUBLE TRANSFER 
 
Leser et al. (1989) studied the simultaneous extraction of proteins from vegetable 
meals using RMs. The procedure consisted of a phase-transfer from the solid state, 
and a BE where the proteins extracted in the microemulsion system are recovered 
into an aqueous solution. The FE and the BE were carried out simultaneously, using 
the simple configuration shown in Figure 2.10: “Two reaction vials are connected by 
a glass arm, the first vial containing the micellar or microemulsion solution, the 
second vial containing a double-phase system for the BE of the proteins. The liquids 
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of the two vials are mildly mechanically stirred, and are separated by a sieve to 
prevent the mechanical flow of the metal into the second vial” (Leser et al., 1989). 
This configuration is called “double transfer” (Luisi et al., 1979). From their study they 
found that they could demonstrate the feasibility of the simultaneous extraction of oil 
and proteins from vegetable meals by means of their two step process.  
 
Figure 2.10:  Schematic representation of the experimental configuration used 
to combine the FE and the BE: (A) AOT/isooctane/water, the 
vegetable meal is in the left part of the vial; (B) KCl in phosphate 
buffer; each part of the vial has a magnetic stirrer [Adapted from 
Leser et al. (1989)].  
 
2.10.6. EXTRACTION KINETICS WITH MICELLAR SYSTEMS 
 
The kinetics of the extraction i.e. FE and re-extraction i.e. BE processes is of special 
interest for two reasons. Firstly because kinetic measurements enable a deeper 
understanding of the mass transfer process itself, and secondly because kinetic 
measurements are important for application purposes (Bausch et al., 1992). Tondre 
and Derouiche (1989; 1990; 1990) used microemulsions with a non-ionic surfactant 
and with AOT, respectively, as carriers between two aqueous phases in a U-tube 
apparatus turned upside-down. They measured the combined kinetics of micellar 
extraction, diffusional transfer, and re-extraction within their system. The kinetics of 
the re-extraction of protons was investigated by Albery et al. (1987) in a rotating 
diffusion cell. Plucinski and Nitsch (1989) studied extraction kinetics of lysozyme in 
AOT-RMs and found that the process was controlled by convective transport in the 
aqueous phase. The Wageningen group (Dekker et al., 1989; Dekker et al., 1990) 
was especially interested in extraction and re-extraction of α-amylase with cationic 
surfactants. They found that the extraction of α-amylase was controlled by the 
diffusion of the enzyme in the aqueous phase boundary layer, while the re-extraction 
was much slower and controlled by an interfacial process. The same result was 
obtained by Dekker et al. (1990) using ribonuclease A and AOT-RMs, and by 
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Dungan et al. (1991) using cytochrome-c. The α-chymotrypsin extraction and re-
extraction with AOT-RM solutions was investigated as well (Dungan et al., 1991), and 
it was found again that the re-extraction was controlled by a slow interfacial process 
(Bausch et al., 1992). Poppenborg et al. (2000) evaluated the kinetic separation of 
lysozyme and cytochrome-c in a Graesser contactor and Lewis cell. The extraction 
rate measured in the Graesser contactor differed from that measured in the Lewis 
cell, and this indicated that different steps in the RM transfer mechanism were 
controlling the transfer, depending on the way the phases were contacted.  
 
The most commercially important mechanism of all is the kinetics of solute transfer 
from an aqueous to a RM phase. However, the kinetics of BE are equally important 
to obtain a better understanding of the mechanism of solute transfer, and to 
determine the rate limiting step for the process. Such information is crucial for the 
rational design of an extraction apparatus and, as discussed above, Jarudilokkul et 
al. (1999a) showed that counterionic extraction resulted in remarkable increases in 
the BE rate of proteins. Therefore, for the scale up of RM extractions, it is important 
to know which factors determine the mass transfer rate to or from the RM phase. So 
far most work has concentrated on the kinetics of solubilisation of water molecules, 
protons, metal ions, amino acids, and proteins (Pérez de Ortiz and Stuckey, 2004). 
 
2.11. PROCESS CONSIDERATION AND SCALE-UP  
 
In theory, the liquid-liquid extractors created for conventional liquid-liquid extraction 
are also suitable for the extraction of proteins using RMs. The key types of 
equipment are; mixer-settler, agitated column extractors, centrifugal extractors, and 
membrane extractors (Mat, 1994). However, traditional liquid-liquid RM extraction 
processes have also been operated in devices including packed towers, rotating disc 
contactors and spray columns amongst others, which try to maximise contact area 
for mass transfer. Nevertheless, the gentle mixing which takes place can lead to the 
formation of emulsions of the two phases preventing phase separation along with 
product recovery, though such problems can to some extent be eliminated using non-
dispersive solid membrane-based processes such as supported liquid membranes 
and membrane contactors (Juang et al., 2006). To date, process development has 
mainly focused on the use of mixer-settlers, centrifuges, spray columns, and 
membrane extractors, which will be briefly reviewed in the following section (Mat, 
1994). The suitability of various liquid-liquid contacting devices such as mixer/settler 
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units (Dekker et al., 1986) and membrane units (Dahuron and Cussler, 1988; Dekker 
et al., 1991a; Prazeres et al., 1993) for carrying out RM extractions has been shown 
on a laboratory scale. Only the use of centrifugal contacting devices (Dekker et al., 
1991b) has been demonstrated on an industrial scale. 
 
2.11.1. MIXER-SETTLER  
 
A mixer-settler (as shown in Figure 2.11) is one of the most straightforward types of 
equipment that exist for liquid-liquid extraction. In a mixer-settler, mixing and 
subsequent phase separation through settling, are carried out in separate sections of 
the device. Although mixing is achieved through the use of mechanical agitators in 
the contactors, mixer-settlers were the first contactors to be used for RM systems. 
Even though mixer-settlers have the advantage of being fairly low cost, they do suffer 
from the formation of a stable emulsion, which results in major problems for phase 
separation (Jarudilokkul, 2000). Dekker et al. (1986) studied the use of RMs for the 
recovery of the enzyme α-amylase using two mixer-settlers, one per extraction step, 
and found that this was carried out successfully, thus demonstrating the 
effectiveness of their application. 
 
Figure 2.11:  Liquid-liquid contactor: mixer-settler [Adapted from Cussler 
(1997)].  
 
2.11.2. CENTRIFUGAL EXTRACTOR 
 
In a centrifugal extractor (Figure 2.12) force is used to encourage the counter-current 
flow of the phases past each other in a much faster manner than would be achieved 
by gravity alone. Coalescence of droplets in regions where coalescence is usually 
difficult is helped by the centrifugal force. Another advantage of the centrifugal 
extractor is that it can offer more than one equilibrium stage within a single device. 
Advantages of using a centrifugal extractor with a RM phase are the inhibition of 
emulsion formation and the short retention time. Nevertheless, this also comes with 
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the disadvantage that sometimes the products may degrade due to the high level of 
shear stress used in the process (Jarudilokkul, 2000). Dekker et al. (1991b) 
investigated the effect of temperature on the stripping of α-amylase from a RM 
solution containing 0.4% (w/v) TOMAC and 0.1% (v/v) octanol in isooctane using a 
continuous centrifugal extractor, and found that the process resulted in 73% of the α-
amylase activity being recovered. Lu et al. (1998) investigated the use of a cylindrical 
bowl centrifugal extractor for BSA extraction with CTAB RMs, and found that under 
optimal conditions 95% stage efficiency was obtained. Therefore both studies show 
that centrifugal contactors are suitable for FE.  
 
Figure 2.12:  Liquid-liquid contactor: centrifugal contactor [Adapted from 
Cussler (1997)].  
 
2.11.3. SPRAY COLUMN 
 
The advantages of spray columns (Figure 2.13) are that they are simple to construct, 
have low capital costs, and are easy and flexible to operate (Lo, 1988). A particular 
advantage, when used with systems containing surfactants, is their low energy input; 
this circumvents problems of stable emulsion formation and the subsequent increase 
in phase disengagement times associated with mixer/settler systems. A 
disadvantage however, is that their design may produce axial mixing of the 
continuous phase which reduces extraction efficiency (Lye et al., 1994; Treybal, 
1963). In a spray column the dispersed phase is sprayed as droplets into the 
continuous phase. A major disadvantage is that spray columns suffer from a high 
degree of back-mixing in the continuous phase, on the other hand, it has the 
advantage of low energy input when used together with systems containing 
surfactant; thus avoiding the problems of stable emulsion formation, resulting in 
increased separation time (Jarudilokkul, 2000). Spray columns were first investigated 
by Han et al. (1994a), and the kinetics and mass transfer studies of these columns 
were first carried out by Lye et al. (1994), who demonstrated that protein extraction 
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using RM phases can be successfully carried out in a liquid-liquid spray column. 
They used a small tower to carry out batch extractions, and showed that existing 
correlations predicting mass transfer were an order of magnitude too high due to the 
rigid interface of the RM droplet.  
 
Figure 2.13:  Liquid-liquid contactor: spray column [Adapted from Cussler 
(1997)].  
 
2.11.4. PACKED COLUMN 
 
A packed column (Figure 2.14) is basically a spray column that includes random 
packing. The packing is a means of reducing back-mixing in the continuous phase, 
however, back-mixing remains significant and hence decreases the number of 
transfer units in the column. Compared to a mixer-settler or a rotating disc column, 
both the shear stress and axial mixing in a packed column are believed to be lower. 
Compared to a spray column, the interfacial area in a packed column is larger 
(Jarudilokkul, 2000). Packed columns were first used as a method for RM extraction 
by Han et al. (1994b), who studied the separation of lipase from a crude protein 
mixture using 100 mM AOT, and the packed column was used to solve the problems 
of phase separation. On the other hand, Nishii et al. (1999) investigated the 
extraction of protein by RMs in both a packed column and a spray column, and found 
that the extraction yield in a packed column was around three times higher than in 
the spray column because of the larger hold-up of the dispersed phase, and that the 
application of fermentation broth to the contactor may influence the pressure drop 
during operation. Conversely, Hasmann et al. (2007) tested the use of biocompatible 
RMs in a continuous counter-current process by means of a packed column for the 
purification of the enzyme glucose-6-phosphate dehydrogenase from 
Saccharomyces cervisiae. They demonstrated that this technique could not only 
remove impurities in the form of total proteins from the free-cell extract while 
promoting simultaneous enzyme purification, but also maintain enzyme activity thus 
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increasing process yield and decreasing process time and cost. Hence, the studies 
mentioned above suggest that the packed column is an effective contactor for RM 
extraction. 
 
Figure 2.14:  Liquid-liquid contactor: packed column [Adapted from Treybal 
(1980)]. 
 
2.11.5. ROTATING DISC CONTACTOR 
 
A rotating disc contactor (Figure 2.15) is an open vertical column with a range of 
horizontal baffles situated at intervals up the height of the contactor in order to lessen 
the extent of axial mixing. General baffling devices are both doughnuts and discs. 
The discs are solid horizontal circular plates, that are mounted axially and which 
have a smaller diameter than the column; these are extensively used as the baffling 
method of choice in liquid-liquid extraction equipment (Jarudilokkul, 2000). The 
advantages of rotating disc contactors (RDC) are high efficiency per unit height, high 
throughput, high operational flexibility, low driving power and low cost (Kamath and 
Rau, 1985; Laddha et al., 1978; Zhang et al., 1981). The mean drop size and size 
distribution of the dispersed RM organic phase, as well as the effect of solubilisation 
of lysozyme on the mean drop size in RDC, have been investigated (Tong and 
Furusaki, 1995, 1996). Tong and Furusaki (1997) investigated transfer performance 
and mathematical modelling for the RM extraction of lysozyme using an RDC. They 
found that the correlations for dispersion coefficients in the literatures cannot be used 
for both continuous and dispersed phases, but the values of mass transfer 
coefficients obtained from the diffusion model agreed with those of the previous 
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correlations in the literatures fairly well, therefore suggesting that the diffusion model 
may be used for mass transfer prediction and column design for the RM extraction of 
proteins.  
 
Figure 2.15:  Liquid-liquid contactor: rotating disc contactor [Adapted from 
Treybal (1980)]. 
 
2.11.6. PERFORATED ROTATING DISC CONTACTOR OR PLATE 
COLUMNS 
 
The plate columns which are used for extraction processes are usually perforated. In 
a perforated rotating disc contactor the dispersed phase flows through the holes (in 
the plates) and is then collected either above the next tray, in the case of a heavy 
dispersed phase, or below the next tray, in the case of a light dispersed phase; which 
subsequently re-disperses the liquid (Jarudilokkul, 2000). The discrete stages are 
efficient at reducing back-mixing. Carneiro-da-Cunha et al. (1994a) used a 
continuous perforated rotating disc contactor for the extraction of the recombinant 
cutinase Fusarium solani pisi from an aqueous solution to a RM phase of AOT in 
isooctane, and showed that a perforated rotating disc contactor can be successfully 
used as a continuous extraction equipment for protein and enzyme extraction using 
RM systems. The perforated rotating disc contractor used was made of a Perspex 
tube and is shown in Figure 2.16. 
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Figure 2.16:  Schematic diagram of a perforated rotating disc contactor 
[Adapted from Carneiro-da-Cunha et al. (1994a)]. 
 
2.11.7. GRAESSER CONTACTOR 
 
Since RM extraction involves liquids with pronounced emulsification tendencies, low 
interfacial tension, and low density difference, a contactor was needed with a small 
volume able to carry out multiple stage operations without excessive agitation levels. 
The Graesser contactor, also known as the “raining bucket” contactor (Figure 2.17 a) 
and b)), was developed by R. Graesser Ltd. in North Wales (UK) in the 1950’s.  
 
Figure 2.17:  Schematic of structure and operation of Graesser contactor 
[Adapted from Coleby (1983)]. 
 
Since then, the Graesser contactor has been found to be valuable for several 
extraction processes, such as the purification of herbicide products, pyrethrum 
refining, and de-aromatisation of naphtha (Coleby, 1983). Under normal operating 
conditions the contactor is filled with two liquid phases, and its interface is controlled 
at the equatorial position. The heavy phase enters the contactor at the bottom, 
whereas the lighter phase enters at the top, as shown in Figure 2.17 a). Each phase 
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is diffused into the other by a slow rotation around the axes. The two phases flow in a 
counter-current direction through the annular gaps between the rotor discs and the 
stator walls (Jarudilokkul, 2000). Drop size distribution (Al-Hemiri and Kareem, 1990), 
and hydrodynamic and mass transfer performance (Sheikh et al., 1972; Wang et al., 
1977) have been studied in the contactor. The Graesser was firstly applied in 
biotechnology for the separation of whey proteins using an aqueous two-phase 
system (Dos Reis Coimbra et al., 1994). However, recently Jarudilokkul et al. (2000a; 
2000b) used a Graesser contactor (“raining bucket”) to extract lysozyme from egg 
white. They described the mass transfer performance of the contactor, and 
developed an integrated system of separation and BE. 
 
2.11.8. MEMBRANE EXTRACTION 
 
Separation with membranes has attracted interest as it does not need additives, can 
be carried out at low temperatures isothermally with low energy consumption, 
enabling such a process to be easily upscaled or downscaled as well as allowing 
easy integration with other separation or reaction processes. Thus membrane-based 
processes have become of great interest due to their capacity for high purity and 
throughput, size and or charge based protein separation (Saxena et al., 2009). 
During membrane extraction, a microporous membrane is generally used in order to 
immobilise the aqueous/organic interface within the porous structure. The solute 
transfers from the feed through the membrane to the extractant phase, without phase 
dispersion, circumventing the formation of a stable emulsion (Cardoso et al., 1999; 
Jarudilokkul, 2000). Prasad et al. (1986) calculated a mass transfer coefficient for 
solvent extraction through interfaces immobilised in a microporous hydrophobic 
membrane. They were able to demonstrate that the overall mass transfer coefficient 
was independent of the applied pressure difference, as long as it was less than the 
pressure difference required for the aqueous phase to penetrate the membrane to 
the organic solvent side. The processes in a membrane-based RM extraction are 
basically identical to that in a liquid-liquid extraction process, where the overall 
membrane process is controlled by both kinetic and equilibrium parameters. Juang et 
al. (2006) carried out kinetic studies on RM extraction of lysozyme from aqueous 
solutions using AOT in isooctane in a microporous membrane-based process, and 
found that the kinetics of lysozyme RM solubilisation at the aqueous-organic interface 
had little effect on mass transfer. On the other hand, Tsai et al. (1995) studied the 
extraction of α-chymotrypsin using a stirred membrane cell to predict the theoretical 
transport of a protein through a supported liquid membrane with RMs as carriers. 
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From their preliminary experiments they were able to demonstrate the viability of 
using their process for protein recovery.  
 
Membrane extraction can be used to immobilise an interface between two immiscible 
solvents. By using a hollow fibre module (HFM) an interface of up to 104 m2/m3 can 
be created without dispersion of the two phases (Dekker et al., 1987b). A HFM is 
normally made up of a bunch of several hundred fibres (0.25-2.5 mm) potted together 
inside a module which generally has a shell and tube heat-exchanger configuration. 
Since hollow fibre configurations have a high membrane surface area to volume 
ratio, and due to cross flow fewer particles tend to accumulate near the entrance 
(Saxena et al., 2009). Hollow fibres have the advantage of allowing much faster 
mass transfer than conventional equipment, enabling liquid-liquid extraction with 
hollow fibres to be 100 times faster than in spray towers, achieving extraction rates 
comparable to those in centrifugal extractors, but with much more economical 
equipment (Yang and Cussler, 1986). For protein extraction, the pores of the 
membrane should be large enough to permit the passage of the protein or the protein 
filled RM (Dekker et al., 1987b). The use of a membrane extraction process for the 
RM extraction of enzymes has been investigated by Dekker et al. (1987b), and this 
was done by using a microporous polypropylene membrane in a hollow fibre unit. 
The enzyme α-amylase was extracted into a RM phase, and the mass transfer rate 
was found to be determined by the resistance of the boundary layer in the aqueous 
phase and/or in the aqueous phase inside the membrane. Dekker et al. (1991a) then 
further studied the membrane based liquid-liquid extraction of α-amylase from an 
aqueous phase into a RM phase, using a microporous polypropylene hollow fibre 
membrane (Figure 2.18).  
 
Figure 2.18:  Flow sheet of the membrane extraction: where, W = water, RM = 
reverse micelles, and HFM = hollow fibre membrane [Adapted 
from Dekker et al. (1991a)]. 
 
A combined filtration/extraction in a membrane unit was found to be an effective way 
of transferring the enzyme from one phase to the other, without fouling problems, and 
they found that by operating in this way the selectivity of the membrane permeability 
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could be combined with the selectivity of the RM extraction in one process, using two 
membranes in series. 
 
Dahuron and Cussler (1988) carried out a membrane extraction of α-chymotrypsin 
and cytochrome-c to a RM phase of TOMAC/Rewopal HV5 in isooctane, where 
differential protein extractions were measured with two types of extractants: RMs and 
a two-phase aqueous system. The initial results suggested that the mass transfer 
rate was dictated by the resistance of the boundary layer in the aqueous phase, 
and/or of the aqueous phase displacing the RM phase inside the membrane. Also 
that hollow-fibre extractions are substantially faster than those in conventional 
equipment, where the membrane modules used are small shell-and-tube heat 
exchangers made with Celgard 2500 microporous polypropylene hollow fibres. 
Cardoso et al. (1999) studied the extraction and re-extraction of phenylalanine by 
cationic RMs (TOMAC/Hexanol/n-heptane) in hydrophobic hollow fibre contactors 
and then interpreted the results by means of a kinetic model they developed. They 
also accomplished simultaneous extraction/stripping of phenylalanine using two 
hollow fibre modules in series, using various volume phase ratios, resulting in them 
being able to model mass transfer and compare it with the experimental results. They 
found that the use of hydrophobic hollow fibre modules were adequate for the 
extraction and re-extraction of phenylalanine using their cationic RM system, and that 
the model developed was able to simulate fairly reasonably the experimental results 
obtained with the integrated process.  
 
Hossain carried out two studies where he used HFM modules (made with 2100 
Celgard X-30 microporous polypropylene hollow fibres) for the extraction of amino 
acids and dipeptides using AOT. In his first study (2000), he analysed the extraction 
efficiency of peptides and amino acids to determine the overall mass transfer 
coefficient of the process, and found that the overall mass transfer coefficients 
obtained from the extraction experiments were greater than those of amino acids. In 
his second study (2005), he carried out a reactive extraction of amino acids and 
dipeptides using an extra-flow HFM module (termed extra-flow as the HFM module is 
made with 10000 Celgard X-30 microporous polypropylene hollow fibres) and then 
used a mathematical model in order to calculate the overall mass transfer coefficient 
of the extraction process. From this he found that the value of the overall mass 
transfer coefficient was similar to those in the literature, where it was found to be 
significantly affected by the pH of the feed solution as well as by the type of solute. 
Choi et al. (2003) studied the effect of various operating parameters on the 
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separation and concentration of the amino acid L-phenylalanine using a hollow fibre 
supported liquid membrane (HFSLM) with di-2-ethylhexyl phosphoric acid (D2EHPA) 
as the mobile carrier and n-heptane as the membrane solvent. They found that at the 
optimum conditions it was possible for more than 95% of the amino acid initially in 
the feed phase to be steadily transported to the strip phase through the HFSLM 
without causing damage to the membrane and within the space of two hours. 
 
The chief advantage of hollow fibres is that they permit large membrane areas to be 
efficiently packaged into very compact devices (Matson et al., 1983). While the mass 
transfer coefficient K is not unusually high in fibres, the product Ka is often 10 to 50 
times larger than in conventional extraction towers (Kiani et al., 1984; Zhang and 
Cussler, 1985). In addition to their non-dispersive nature, HFM extractions are 
considerably faster than those achievable in conventional equipment (Juang et al., 
2006). Moreover, in hollow fibres the two fluid flows are almost completely 
independent. As a result there are no constraints due to flooding, loading, or to 
channelling (Cardoso et al., 1999; D'Elia et al., 1986; Juang et al., 2006; Kim, 1984). 
Such membrane contactors present several other advantages besides a large 
contact area without direct mixing of the aqueous and organic phases, they also offer 
the ability of treating a large quantity of dilute solutions, as well as the reduction in 
equipment space and volume (Lin et al., 2006). Therefore hollow fibres appear to be 
a superior way to achieve fast mass transfer (Dahuron and Cussler, 1988).  
 
2.12. RESEARCH CARRIED OUT ON THE EXTRACTION OF 
ANTIBODIES AND MONOCLONAL ANTIBODIES BY 
REVERSE MICELLES  
 
Speiser was the first to show that RMs could be utilised as carriers for drugs 
(Birrenbach and Speiser, 1976; Speiser, 1979). Figure 2.19 represents a scheme of 
the procedure: the water pool of the RMs hosts, together with the drug, olefinic 
monomers which insert themselves among the surfactant molecules. Monomers are 
chosen so that they can readily polymerise, thus building a thin resistant “skin” 
around the spherical micelle; since then, the term “nanocapsules” has been used for 
such structures. After the “hardening” has taken place, the apolar solvent is 
eliminated, the excess surfactant and monomer washed out, and the nanocapsules 
are then ready to use in aqueous media (Luisi et al., 1983). 
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Figure 2.19:  Schematic representation of the procedure for hardening of RMs 
according to P. Speiser (1979). (D) represents the drug (Luisi et 
al., 1983). [Adapted from Luisi et al. (1983)]. 
 
“The nanocapsulation in RMs has been used to investigate the adjuvant effect in 
immunobiology of human immunogammaglobulin (IgG), tetanus toxoid and influenza 
antigen. A good adjuvant releases the active principle slowly from the administration 
depot into environmental tissues. As a result of this slow and permanent stimulation, 
the activity of antigen quantitatively increases, so that a reduction of dose and 
number of booster injections is made possible. In the case of IgG, the advantage of 
nanocapsulation compared to classical Al2O3 adsorbate is rather marked (Speiser, 
1979). Also the case of tetanus toxoid is of pharmacological interest: the application 
of this substance adsorbed on aluminium phosphate is not satisfactory because of 
the irritation after intradermal or subcutaneous application. In contrast, tetanus 
nanoparticles are well tolerated. In the case of influenza antigen, after 21 weeks the 
antibody formation of nanoencapsulated virus was significantly higher than in the 
case of the classical adjuvant 65 (Speiser, 1979)” (Luisi et al., 1983).    
 
Gerhardt and Dungan (2002) investigated the stability and structure as well as (2004) 
changes in the structure of protein molecules and W/O microemulsion aggregates 
using the large protein immunoglobulin G (IgG, MW 155,000), and an equivolume 
oil/water mixture composed of brine, AOT and isooctane. On the basis of the 
partitioning results and dynamic light scattering, they envisioned two ways of 
solubilising the large protein, depending on salt concentration in the initial aqueous 
phase. At low salt concentrations, the protein will reside within a single droplet, 
whereas at higher salt concentrations, IgG will form a cluster. They also found that 
protein conformation and microemulsion structure had significant effects on protein 
stability in the microemulsion. In order to incorporate proteins within W/O 
microemulsions for drug delivery, biocatalytic or biomimetic applications, or to 
accomplish protein separations, not only the initial solubility of the protein must be 
promoted but also its long-term stability in the microemulsion. IgG was found to adopt 
an intermediate denatured state in the microemulsion phase close to the alternatively 
folded state known as the A state, with well-defined contacts in the tertiary structure 
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immediately after phase equilibration. Finally, they found that the change in protein 
conformation with time accompanied by the cluster growth eventually leads to the 
protein and surfactant forming a third, solid middle phase in the organic solution.  
 
Su and Chiang (2003) investigated the RM extraction of IgG from bovine colostral 
whey. Their objective was to establish a proper procedure and optimal conditions for 
an efficient separation of IgG, and obtain a purified product with immunological 
activity. From their study, they found that RM extraction appeared to be a feasible 
method for separating and purifying IgG from the other proteins in the colostral whey. 
Under optimal conditions, they found that most of the non-IgG proteins could be 
extracted from the aqueous phase to the RMs in the organic phase, and the 
immunoglobulin could be recovered in the aqueous phase. Their procedure was 
simple and reduced the opportunity for the immunoglobulin to come into contact with 
the organic solvent, thus maintaining its biological activity.  
 
Kuo (2005) examined the effect of system parameters such as surfactant 
concentration, salt type, temperature, pH, initial protein concentration, ionic strength, 
and hydrodynamics on the kinetics of antibody extraction. He found that the mass 
transfer rate increased with decreasing surfactant concentration as the antibody-
surfactant interactions were maximised, where high surfactant concentrations 
resulted in minimum interfacial precipitation and maximum protein transfer. The effect 
of salt type on mass transfer rate showed that antibody transfer decreased when the 
RM size decreased. The studies on varying temperature revealed that during 
maximum partitioning performance optimum temperature was achieved, where an 
essential driving force was hydrophobic interaction. Kinetic and equilibrium studies 
on the effect of pH confirmed that the electrostatic attraction was a key driving force 
for fast and high-yielding extractions. Mass transfer rate decreased with increasing 
protein concentration due to the steric restriction imposed by the droplet size, where 
for all protein concentrations at equilibrium the quantity of solubilised protein was 
identical. Kinetic studies on the effect of ionic strength revealed that antibody transfer 
rate was higher when the antibody molecule was solubilised within a single droplet in 
the RM. Variation of the hydrodynamics during extraction revealed that the process 
was mainly controlled by diffusional mass transfer in the RM phase followed by 
interfacial resistance. A kinetic phenomenon of protein-surfactant interactions after 
phase contact was observed. In addition, the use of an anionic surfactant (AOT) as a 
precipitation ligand led to the precipitation of antibodies from a clean aqueous 
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solution. Therefore, concluding that RM extraction of antibodies is effectively different 
from the extraction of smaller proteins under a variety of conditions (Kuo, 2005).  
 
Lan (2004) examined the feasibility of extracting MAbs from both a model buffer 
solution and fermentation broth using RMs. He investigated the influence of the four 
major system parameters: pH, temperature, surfactant concentration and salt 
concentration on the yield of FE and BE. He found that in the case of FE: the pH of 
the initial aqueous phase affected the forward removal yield of IgG4 significantly; 
increasing surfactant concentration generally improved FE yield. The forward 
removal yield increased with decreasing salt concentration of the initial aqueous 
phase, and when the size of the RM was smaller than the IgG4, the extraction of 
IgG4 was likely to be facilitated via aggregation of multiple RMs; and, the extraction 
yield increased with increasing temperature. In the case of BE: recovery yield 
increased with increasing salt concentration in the stripping phase; the optimal pH for 
the recovery of IgG4 from the RM phase was near the pI of IgG4, nevertheless, the 
recovery yield from RM phase was higher at pH>pI than at pH<pI when 300 mM AOT 
was used. In addition to the four parameters, the effects of co-solvent and the initial 
protein concentration were also examined. The use of co-solvent improved the 
recovery of IgG4 from the RM phase due to an enhanced de-stabilisation effect on 
the RM structure. The FE efficiency increased with increasing initial IgG4 
concentration while the recovery efficiency from the RM phase decreased with 
increasing initial protein concentration. By comparing both the extraction of IgG4 from 
the model buffer solution and the fermentation broth, AOT (anionic) seemed to have 
higher selectivity towards IgG4 than CTAB (cationic). The recovery of IgG4 was 
generally lower than the broth proteins, and its yield was found to be higher when a 
cationic surfactant was used compared to an anionic surfactant. Therefore, the 
purification of IgG4 using RMs (i.e. AOT, DTAB and CTAB only) was found to be 
barely effective, due to the formation of an IgG4-surfactant complex at the interface. 
In addition, practically all IgG4 recovered from the RM phase lost its Fc site activity 
towards Protein A as it was likely that IgG4 underwent conformational changes or 
‘denaturation’ due to the prolonged contact with the RM phase as a thick layer of 
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2.13. IDENTIFICATION OF CURRENT RESEARCH NEEDS 
 
Proteins can be induced to move from a bulk aqueous phase into the micelle-
containing organic solvent, and vice-versa, by manipulation of system parameters. 
RMs can solubilise proteins within their polar core which are protected from the harsh 
organic environment by the water shell around them. Selectivity of the process was 
found to be strongly influenced by the electrostatic interactions between the charged 
protein surface residues and the ionic surfactant headgroups, and is therefore very 
sensitive to variations in pH and ionic strength. Selective solubilisation of a target 
protein chosen based on its size and optimal charge, was first demonstrated by 
adjusting the pH and the ionic strength. Some of the possible locations for a MAb 
solubilised in a RM solution are shown in Figure 2.20.  
 
Figure 2.20: Diagram of possible locations of a MAb hosted in a RM: a) it is 
located in the water pool;  b) it is adsorbed to the micelle wall; c) 
and d) part of it is located at the interface and is acting as a 
surfactant; and e) it is solubilised by several small RMs.  
 
However, even though selective solubilisation has been demonstrated and studied in 
great depth since the 1980’s, many of the results published are contradictory, 
resulting in the need for further investigations into the process in order to try and fill 
the gaps in knowledge. The major part of the studies carried out to date have 
focused on proteins of low molecular weight, and very few high molecular weight 
proteins have been researched, since low molecular weight proteins seem to be 
easily taken up and solubilised in RMs. The FE and BE have been shown to depend 
on several system parameters such as, pH, ionic strength, salt type and 
concentration, surfactant type and concentration, the type of solvent used, and the 
presence of cosurfactant, where pH and ionic strength appear to be the two 
parameters which dominate the process of micellar extraction. System parameters 
can be adjusted and optimised, which will enable the degree of hydrophobic, 
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electrostatic, and steric interactions between the proteins and the RMs to be 
successfully manipulated, and result in protein purification. 
 
From a review of the literature documented above, further research is still required to 
more fully understand the uptake on MAbs in RMs, and the issues that still need to 
be addressed include: 1) the difficulty of finding a cost effective bioaffinity ligand 
which does not contaminate the recovered protein and does not require many steps 
during preparation; 2) the effect of certain system parameters such as, (i) solvent 
type; since most research has focused on the use of more toxic and flammable 
solvents such as isooctane, another solvent such as a vegetable oil may result in 
equally good extraction yields whilst being more cost-effective and less toxic and 
flammable thus more attractive for possible use, (ii) surfactant concentration and its 
effect on selectivity as this has not been studied in depth, and surfactant 
concentrations have an effect on the extraction of high molecular weight proteins, 
and (iii) surfactant type, since most research has focused on the use of AOT, 
another surfactant may result in better separation for larger proteins; 3) the efficient 
BE of proteins, specifically the system parameters of the organic phase and 
surfactant concentration and type as these could enhance protein activity recovery; 
4) the kinetics of protein transfer should be further investigated, as these have been 
mainly carried out in Lewis Cells and well-mixed systems for low molecular weight 
proteins, and for high molecular weight proteins kinetic studies have mainly focused 
on FE, therefore more research into the kinetics of BE would be useful; 5) the 
formation of precipitates at the interface and how this could be avoided as this could 
affect the structure of the RM and the protein being extracted. This is the same as for 
stable emulsions, which are also inevitably formed, and thus demulsifiers are added 
which could damage the structure of the RM or interfere with the extraction process; 
6) protein structure analysis, and how this can be affected by the RM extraction 
method used, and precipitate formation; 7) different liquid-liquid extractors should be 
considered in order to find the most suitable one which would result in the least 
emulsion formation and provide the best extraction unit, such as a membrane 
extractor; and 8) the type of membrane used to achieve selective separation should 
be considered, such as microporous polypropylene membranes, which have shown 
promise when mounted in a hollow fibre unit for the extraction of proteins using RMs. 
 
To date, RMs have shown potential in the extraction of low molecular weight 
proteins, and therefore the gaps in knowledge are also applicable to high molecular 
weight proteins such as MAbs. However, there has been very little work carried out 
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on the extraction of antibodies using RMs regardless of their molecular weight, such 
as MAbs and their fragments, and hence a lot of questions still remain unanswered. 
These questions include: will a precipitate form during extraction and if so will it have 
an effect on the structure of the antibody and the extraction efficiency? Can 
successful BE of such a large polypeptide, i.e. a MAb, take place without damaging 
the protein? Will the antibody retain its activity after BE, i.e. will its active site remain 
intact? In order to simplify extraction of MAbs, should one consider dividing the MAb 
into fragments (Fab, Fc) and extract them using RMs instead of the whole antibody? 
Can protein extraction using RMs be successfully carried out at large scale? What 
would further kinetic studies on the extraction of MAb Fab fragments using RMs at a 
larger scale tell us about the extraction process? There are a number of other 
questions that could also be addressed if there is time. Therefore, from the review of 
the literature and the identification of the current research needs, the following 
research objectives were formulated.  
 
2.14. RESEARCH OBJECTIVES 
 
The research objectives were drawn up taking into consideration the gaps identified 
based on this review of the literature. The extraction of three polypeptides of varying 
molecular weights using RMs i.e. human IgG4 MAbs (146.9 kDa), humanized IgG4 
B72.3 MAb Fab fragments (46.2 kDa) and horse heart cytochrome-c (12.384 kDa) 
will be carried out. More emphasis will be given to MAbs and their Fab fragments 
due to the growing need for greater quantities of these proteins in the future, and 
since very little work has been carried out to date on the extraction of such proteins 
using RMs. Two anionic surfactants, sodium bis(2-ethylhexyl)sulfosuccinate (AOT) 
and bis(2-ethylhexyl)phosphate (HDEHP), as well as isooctane and a vegetable oil 
(corn oil) will be used as model surfactants and solvents, respectively. The research 




- To investigate the role of key system parameters, such as pH, buffer type, 
polypeptide concentration, surfactant type and concentration, and solvent type, 
on the FE and BE yields during conventional RM extraction so as to determine 
the optimal extraction conditions. 
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- To examine and measure the effect of the addition of a counterionic (TOMAC) 
surfactant to BE and a non-ionic surfactant to FE (Brij 30) on conventional RM 
extraction yields. 
 
- To study water content and structure analysis as well as the issue of precipitate 
formation during conventional RM extraction, in order to strengthen the choice for 
the optimal conditions. 
 
• HFM module design 
 
- To examine the efficiency of RM FE and BE at a larger scale in a continuous 
method of operation, by testing the optimal conditions in isooctane found based 
on conventional RM extraction at a larger scale in a HFM module. 
 
- To evaluate the mass transfer performance of the HFM module during FE and BE 
using RMs. 
 
- To investigate the HFM module FE and BE process and the effect of surfactant 
type. 
 
- To study water content and structure analysis as well as the issue of precipitate 
formation during RM HFM module extraction. 
 
A more in depth and detailed description of the aims of the research as well as their 
validation are presented in section 1.2. Motivation and Aims.  
 
2.15. RESEARCH OUTLINE AND APPROACH 
 
To achieve the research objectives mentioned above, a diagram is shown in Figure 
2.21 explaining the approach undertaken, and how the data was analysed in order to 
draw firm conclusions. Since very little work has been carried out to date on the 
extraction of large proteins using RMs, a lot of background work was needed in order 
to determine the optimal extraction conditions for these antibodies using the 
conventional extraction method. This enabled “optimal” parameters for all the 
polypeptides to be chosen for the two surfactants and two solvents used throughout 
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the project as a means of comparison. More research was focused on Fab fragments 
as they were smaller than whole MAbs, and thus should be easier to extract.  
 
Figure 2.21:  Diagram of research approach and data analysis. 
 
Cytochrome-c was used in order to test the feasibility of process scale-up from 
conventional extraction to a larger scale HFM module extraction in order to see if 
continuous operation would be possible. This would be more cost-effective and less 
time consuming, enabling RMs to be considered for industrial use. The feasibility 
tests were carried out using cytochrome-c in the HFM module only using isooctane 
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as corn oil was too viscous for the module. Finally, using isooctane, Fab fragments at 
their “optimal” parameters chosen from the conventional method were also scaled up 
and extracted in the HFM module.  
 
In order to investigate the viability and effectiveness of the two extraction methods, a 
range of analyses were required. Extraction yields were calculated for all 
polypeptides and in all experiments carried out. Structural analysis was carried out 
on MAbs and the Fab fragments to see how and if the extraction methods affected 
them. The issue of precipitate formation was also examined for Fab fragments in 
both extraction methods. Water content analysis was carried out for all the 
polypeptides and for both extraction methods to see the influence that the 
parameters, extraction methods and polypeptides had on the resulting water content 
of the RMs and the size of the RMs formed. Kinetics for HFM module extractions of 
both Fab and cytochrome-c were carried out to calculate the mass transfer rate of the 
process.  
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CHAPTER 3 
MATERIALS AND METHODS 
 
In this chapter, all the chemicals and the experimental procedures used are 
described. For some of the experimental procedures a basic explanation of the 
method is given. Further relevant information including equations and calculation 
examples which were not incorporated into this chapter, can be found in APPENDIX 
A to D, where the exact appendices are referred to in the relevant sections of this 
chapter. Necessary results pertinent to the experimental methods used are also 




3.1.1. BASIC CHEMICALS 
  
All the reagents/chemicals used for the work carried out were analytical grade 
obtained from various suppliers (Applied Biosystems, Fluka, Sigma-Aldrich, Sigma 
and VWR), while the water used was fresh double distilled. Most of the basic 
chemicals used in these experiments were acetate buffer i.e. AB (prepared by 
dissolving CH3COOH and CH3COONa), carbonate buffer i.e. CB (prepared by 
dissolving NaHCO3 and Na2CO3), phosphate buffer i.e. PB (prepared by dissolving 
Na2HPO4 and NaH2PO4), and potassium phosphate buffer i.e. PPB (prepared by 
dissolving K2HPO4 and KH2PO4), NaCl, HCl, NaOH, KCl and C3H6O, CH3CH2OH, 




In this study, four surfactants were used, two anionic, a cationic and a non-ionic. The 
most commonly used surfactant was sodium bis(2-ethylhexyl)sulfosuccinate 
(C20H37NaO7S) often referred to as AOT, a double tailed anionic surfactant which was 
purchased from Sigma-Aldrich (UK) and used as received. AOT was chosen to form 
RMs as it has been recognised as having considerable potential for protein extraction 
(Goklen and Hatton, 1985, 1987; Mat, 1994) including IgG4 extraction (Kuo, 2005). 
The other anionic surfactant was bis(2-ethylhexyl)phosphate 
([CH3(CH2)3CH(C2H5)CH2O]2P(O)OH), often referred to as HDEHP, and used to form 
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a sodium bis(2-ethylhexyl)phosphate often referred to as a NaDEHP RM phase also 
purchased from Sigma-Aldrich (UK) and used as received. HDEHP was chosen 
because the phase separation of its sodium salt, NaDEHP, is much faster than that 
of AOT, and as it can be readily recycled, and since the microemulsions composed of 
its sodium salt, NaDEHP, have been used successfully for protein (cytochrome-c and 
α-chymotrypsin) achieving high overall recoveries (Hu and Gulari, 1996). The 
cationic surfactant used was trioctylmethylammonium chloride (CH3N[(CH2)7CH3]3Cl), 
often referred to as TOMAC, which is the commercial analogue of Aliquat 336 and is 
a quaternary ammonium salt with a high volume tail made up of three long alkyl 
chains and a methyl group. TOMAC was chosen as it is soluble in the organic phase, 
has a molecular weight close to that of AOT; however, it is hard to make RMs with it 
without a cosurfactant (Jarudilokkul, 2000). The non-ionic surfactant used was 
polyoxyethylene (4) lauryl ether (C12H25(OCH2CH2)4OH), often referred to as Brij 30, 
which is the commercial analogue of n-dodecyltetraoxyethylene glycol ether. Brij 30 
was chosen to form a mixed surfactant system as it can enhance RM solubilisation 
capacity, increase enzyme activity, and enhance protein extraction, thus mixed RM 
systems have attracted interest (Chatterjee et al., 2006; Correa et al., 1996; Paul and 




In this study, the main solvents used were 2,2,4-trimethylpentane often referred to as 
isooctane ((CH3)2CHCH2C(CH3)3 and corn oil. To use a vegetable oil instead of 
isooctane is of great interest as this is not only much more cost effective, it is non 
toxic, which is of paramount importance as RM extraction could in the future purify 
MAbs and their fragments as a more cost effective, and less toxic alternative. 
Numerous oils are readily available on the market, however, early studies on a 
variety of oils at Imperial College London have demonstrated that corn oil, sunflower 
oil and rapeseed oil all show promise in the extraction of lysozyme and BSA using 
RM systems (personal communication, 2007). Corn oil (72 cP 
(http://www.madisonco.com/refersence/optical/viscosity.htm, 2007)) was chosen as it 
is less viscous than rapeseed oil (100 cP) and sunflower oil (86 cP), which should aid 
extraction. 5% 1-hexanol (CH3(CH2)5OH) was used in order to dissolve AOT before 
mixing it with the corn oil, as this has been shown to work in the early studies.  
 
 




Human IgG4 MAbs (146.9 kDa, pI 7.2-7.7) were kindly donated by Cambridge 
Antibody Technology (UK). Humanized IgG4 B72.3 MAb Fab fragments (i.e. the Fab 
fragment of the antibody B72.3, where B72.3 is a murine MAb with specificity for a 
large tumour-associated mucin-like glycoprotein, TAG72 (Brady et al., 1992); pI 8.30-
9.15, where the Fab heavy and light chain complex pI = 8.21 and 46.2 kDa) were 
kindly donated by Lonza Biologics plc. (UK); and horse heart cytochrome-c (≥ 95 %, 
12.384 kDa, pI 10.6) was purchased from Sigma-Aldrich (UK). 
 
3.1.5. MATERIALS AND REAGENTS FOR PROTEIN A AND G 
HPLC 
 
HPLC grade water i.e. Millipore Milli-Q® A10 Gradient water, sodium chloride (NaCl), 
glycine (chromatographically homogeneous), hydrochloric acid (concentrated HCl), 
sodium dihydrogen orthophosphate monohydrate, disodium hydrogen 
orthophosphate anhydrous, sodium azide, sodium hydroxide (NaOH), Inter-Assay 
Control i.e. IAC (a previously assayed cell culture supernatant sample with defined 
limits on concentration), IgG4 standard, Fab standard, a PG ImmunoDetection® 
Sensor Cartridge for Perfusion ImmunoassayTM Technology (purchased from Applied 
Biosystems (UK)), and a Poros Protein A ID cartridge (purchased from Perseptive 
Biosystems (UK)). The HPLC buffer solutions were: 1) Binding buffer: 50 mM glycine 
and 150 mM NaCl in HPLC grade water with a pH of 8.0 adjusted using 1 M sodium 
hydroxide; 2) Elution buffer: 50 mM glycine and 150 mM NaCl in HPLC grade water 
with a pH of 2.5 adjusted using concentrated HCl; and 3) Storage buffer: 0.01 M 
sodium phosphate and 0.02% sodium azide (pH 7.0). 
 
3.1.6. MATERIALS AND REAGENTS FOR GEL PERMEATION 
HPLC (GP-HPLC) 
 
HPLC grade water, HPLC methanol, monosodium dihydrogen orthophosphate 1-
hydrate, disodium hydrogen orthophosphate anhydrous, sodium azide, Propan-2-ol, 
Inter-Assay Control, and a TSK-GEL® G3000 SWXL Column (purchased from 
TOSOH Bioscience (UK)). The GP-HPLC buffer solutions were: 1) Mobile phase 
buffer: 0.2 M sodium phosphate with a pH of 7.0; and 2) Column storage buffer: 0.1 
M sodium phosphate with a pH of 7.0 and 0.005% sodium azide. 
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3.1.7. MATERIALS AND REAGENTS FOR ISOELECTRIC 
FOCUSING (IEF) 
 
Whatman Nº 1 filter papers, deionised water (DI), IEF standards (Amersham 
Biosciences pHs 3.5-9.3), typsinogen from Bovine Pancrea pH 9.3, Lonza 
Wokingham Ltd “Isogel” Agarose IEF plates (pHs 3-10), Isogel IEF plates accessory 
pack (accessories for 6 plates), trichloracetic acid (TCA), sulphosalicylic acid, ethanol 
(absolute), acetic acid (glacial), Coomassie brilliant blue R250, sodium hydroxide 
(NaOH), methanol, pharmalytes (pHs 8-10.5), Triton X 100, and analytical reference 
standards of human IgG4 MAbs and humanized B72.3 IgG4 MAb Fab fragments. 
The IEF solutions were: 1) Anode solution: 0.2 M acetic acid in DI water; 2) Cathode 
solution: 1 M NaOH in DI water; 3) Fixing solution: TCA and sulphosalicylic acid in DI 
water; 4) Destain solution: ethanol and acetic acid in DI water; 5) Stain solution: 
Coomassie brilliant blue R250, ethanol and acetic acid in DI water; and 6) Sample 
applicator storage solution: 1% Triton X 100 in DI water. 
 
3.1.8. KARL FISCHER REAGENTS 
 
Eugen Scholz reagents HYDRANAL® Coulomat A (anode reagent) and 
HYDRANAL® Coulomat CG (cathode reagent) were used to determine water 
content in the RM phase, and were purchased from VWR (UK). 
 
3.2. SOLUTION PREPARATION 
 
General laboratory practice, as well as the recommended health and safety 
measures were applied at all times during the work carried out in order to obtain 
good and reproducible results. All solutions were kept in the fridge at + 4 ºC. The 
solutions that were not kept in storage (i.e. the solutions of smaller quantities or that 
needed to be freshly made) were prepared the same day as their intended use. 
 
3.2.1. BUFFER CALCULATIONS 
 
The buffer solutions used were prepared using a mixture of chemicals as shown in 
Table 3.1.  
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Table 3.1: Mixture of chemicals used for buffer preparation. 
 
pH Range Chemicals Systems pKa 
4.0 – 5.0 NaAc/HAc HAc ↔ Ac- + H+ 4.8 
 K2HPO4/KH2PO4 
6.0 – 8.0  
 Na2HPO4/NaH2PO4 
 
HPO4- ↔ HPO42- + H+ 
 
7.2 
9.0 – 11.0 NaHCO3/Na2CO3 HCO3- ↔ CO32- + H+ 10.3 
 
The buffers used ranged from pHs 4 to 11, thus the buffer of required pH and ionic 
strength was calculated approximately by means of the Henderson-Hasselbach 








+= log  (3.1) 
where: 
−Af  and HAf  are the activity coefficients of the conjugate base ( −A ) and acid 
( HA ), respectively, and pKa  is the negative logarithm of the acid dissociation 
constant of a weak acid. Equation (3.1) is valid for a pH range of 4 to 10, where the 
hydrogen and hydroxyl ions do not contribute significantly to the total ionic strength. 
For higher ionic strengths the individual ionic activity coefficient at 25 ºC, was taken 







where iz  is the charge of the 
thi  ion, and ic  is the concentration of the 
thi  ion. 
During buffer preparation the pH of each buffer solution was adjusted using NaOH or 
HCl in order to obtain the required pH. 
  
3.3. CLEANING PROCEDURE 
 
Because of the sensitivity of the experimental procedures carried out, great care was 
taken with the cleaning of all the materials and equipment used throughout the work. 
Thus, all the glassware used was carefully hand washed and dried. All equipment 
including glassware was washed in six separate stages: (i) it was left to soak in a 
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disinfectant (Virkon) dissolved in water; (ii) it was flushed/rinsed with water; (iii) it 
was washed with a strong washing up liquid; (iv) it was rinsed with water; (v) it was 
then rinsed with a solution of acetone water; and finally, (vi) it was rinsed with 
deionised water before drying. 
 
3.4. ERROR ANALYSIS 
 
Experimental errors for the measurements carried out in the various experiments are 
quoted as a coefficient of variation, CV , and shown in Equation (3.3); where σ  is 
the standard deviation, and X  is the mean value. In order to determine the 
associated error, under identical experimental conditions, each experiment was 
carried out in duplicate at least. Thus, all the results shown are the average of at 
least two determinations. 
%
X
CV σ±=  (3.3)  
However, the error analysis for the methods carried out at Lonza Biologics plc. are 
not calculated but given in terms of the precision for each method as stated by Lonza 
Biologics plc., except for the case of LabChip 90 capillary electrophoresis where the 
percentage errors for LabChip 90 HT Protein Express are the ones stated by Caliper 
Life Sciences, Inc. and finally for Karl Fischer coulometry a reproducibility CV  for a 
set amount of water is given as stated by Mettler Toledo. 
 
3.4.1. UV-SPECTROPHOTOMETER ANALYSIS OF 
CONVENTIONAL AND HFM MODULE REVERSE MICELLAR 
EXTRACTION 
 
During the conventional RM extraction method, when using isooctane the CV  for 
human IgG4 MAbs measurements was ± 1.2%; for humanized B72.3 IgG4 MAb Fab 
fragment measurements was ± 1.6%; and for horse heart cytochrome-c 
measurements it was ± 0.2%. When using corn oil the CV  for humanized B72.3 
IgG4 MAb Fab fragment measurements was ± 0.2 %; and for horse heart 
cytochrome-c measurements it was ± 0.3%. During the HFM module RM extraction 
method, when using isooctane the CV  for humanized B72.3 IgG4 MAb Fab 
fragment measurements was ± 2.6%; for horse heart cytochrome-c measurements it 
was ± 1.6%; and when using two aqueous phases the CV  for humanized B72.3 
IgG4 MAb Fab fragment measurements was ± 0.1%. 
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3.4.2. CIRCULAR DICHROISM (CD) 
 
For humanized B72.3 IgG4 MAb Fab fragment measurements the CV  was ± 0.1%. 
 
3.4.3. KARL FISCHER 
 
Karl Fischer coulometry enables the amount of water in a sample to be measured, 
and this eventually results in the reagents getting over titrated and needing to be 
regularly changed. Therefore, it is hard to carry out an exact error analysis on a set of 
samples, since after each sample injected into the Karl Fischer, the reagent contains 
more and more water. Therefore, the error analysis for this method could not be 
accurately calculated for the samples analysed, and thus precision for this method 
was the one stated by Mettler Toledo (UK) (personal communication, 2009) for both 
models of Karl Fischer. Mettler Toledo state that for the Mettler Toledo DL37 KF 
Coulometer, the minimum resolvable step is 0.1 µg water, the detection limit is 10 µg 
and the reproducibility CV  for 1 mg water is < 0.3%; and for the Karl Fischer C30 
Coulometer, the minimum resolvable step is 0.01 µg water, the detection limit is 5 µg, 
and the reproducibility CV  for 1 mg water is < 0.3%. 
 
3.4.4. HPLC ANALYSIS 
 
The percentage error for the assay for humanized IgG4 B72.3 MAb Fab fragments 
based on HPLC using a Protein G column is the same as the one based on the 
assay for human IgG4 MAbs based on HPLC using a Protein A column, as the same 
method was used. The precision for this method is stated by Lonza Biologics plc. as 
being ≤ 3.2% CV  for measured concentrations of MAb, overall estimated as 1.7% 
CV  for MAb, determined as 2.5% CV  for IAC from a larger data set (n > 500), and 
a standard deviation (SD) ≤ 0.03 minutes (≤ 2.2% CV ) for the retention time of IgG. 
 
3.4.5. GEL PERMEATION SIZE EXCLUSION CHROMATOGRAPHY 
(GP-HPLC) 
 
The percentage error for IgG Gel Permeation HPLC is stated by Lonza Biologics plc. 
as being a precision SD ≤ 0.4% for % monomer, % aggregate and % fragment, a SD 
≤ 0.3 minutes for retention time of monomer, aggregate and fragment, and ≤ 15% 
CV  for molecular weight of monomer, aggregate and fragment. With a 
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reproducibility of ≤ 0.4% SD for aggregate and monomer of a generic inter-assay 
control IgG (three different laboratories), and a specificity where fragments of 30 to 
100 kDa are reliably resolved from monomer to enable quantitation and F(ab) is 
detected at 1.0% and can be quantified at 5.0%, F(ab)2 is detected at 5.0% and 
quantified at 20%, and where a model fragment (ovalbumin) is quantified with 
acceptable accuracy (100 ± 30%) over the range of 0.5% to 5.0%. 
 
3.4.6. LABCHIP 90 CAPILLARY ELECTROPHORESIS 
 
The percentage errors for LabChip 90 HT Protein Express are stated by Caliper Life 
Sciences, Inc. at www.caliperLS.com as being a sizing accuracy of ± 20%, a sizing 
CV  of ± 10% in phosphate buffer solution, a resolution of ± 10% difference in 
molecular weight across the sizing range, 50% valley resolution is comparable to a 
10 cm 4-20% SDS-PAGE gel in phosphate buffer solution, and a relative 
concentration CV  of 30% up to 120 kDa relative to the ladder in phosphate buffer 
solution above 120 kDa, quantitation is not specified. 
 
3.4.7. ISOELECTRIC FOCUSING (IEF) 
 
The percentage error for IgG Isoelectric Focusing on Agarose Gels is stated by 
Lonza Biologics plc. as being of consistent results for band number and pI range, 
with a SD ≤ 5.8% (w/w) for relative % of a single band by densitometry, a SD ≤ 1.7% 
(w/w) for relative % of a single minor band (≤ 5% w/w) by densitometry, and a SD of 
≤ 0.1 pH units for pI determination. 
 
3.5. POLYPEPTIDE ASSAY TECHNIQUES AND 
PROCEDURES 
 
In this work, the quantity of polypeptide extracted in terms of concentration, after FE 
and BE, was required. In the literature, there is a wide range of techniques that can 
be used to measure this parameter. The easiest way of measuring the concentration 
of proteins including antibodies is by exploiting their strong ultraviolet absorbance at 
280 nm. This is usually done by means of UV-Spectrophotometer analysis, which is 
both a sensitive and non-destructive assay, and is a technique which is widely used 
for determining the concentration of proteins. This method was applied by several 
researchers (Jarudilokkul, 2000; Kuo, 2005; Lan, 2004; Mat, 1994) for several 
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different types of proteins including MAbs as well as cytochrome-c, and was found to 
be a useful technique in protein quantification for both aqueous and RM solutions 
and generated both reproducible and good results. Thus, this technique was adopted 
for this work and is detailed below.  
 
3.5.1. HUMAN IGG4 MAB AND HUMANIZED IGG4 MAB FAB 
FRAGMENT CONCENTRATION 
 
The concentration of human IgG4 in the aqueous phases was determined by UV 
absorption using a Shimadzu UV 2101 Spectrophotometer at 280-310 nm. The RM 
phase was not analysed using the spectrophotometer as these generated negative 
values. Antibody concentrations in the aqueous samples were determined using 
calibration curves of the absorption of aqueous antibody solution at the experimental 
conditions versus concentration (see section 3.12.1.). However, since a problem of 
turbidity arose at 280 nm due to colloidal matter (surfactant molecules) and change in 
temperature, and Goklen (1986) suggested correcting the protein UV absorption at 
280 nm by the absorption at 310 nm, which provides a rough estimate of the turbidity 
measured at 280 nm. This procedure was applied when using whole IgG4, but when 
using humanized IgG4 B72.3 MAb Fab fragments UV-Spectrophotometer analysis 
was carried out at 280 nm only as the readings at 310 nm were found to be 
negligible. An example scan (190-600 nm) of 1 mg ml-1 humanized Fab fragments in 
AB (pH 5) is shown in Figure A.1 in APPENDIX A, as similar scans were observed 
in PB (pH 7), PPB (pH 8) and CB (pH 10). 
 
3.5.2. HORSE HEART CYTOCHROME-C CONCENTRATION 
 
The concentration of cytochrome-c in the aqueous phases was determined by UV 
absorption using a Shimadzu UV 2101 Spectrophotometer at 400 nm. However, the 
RM phase was not analysed as these generated negative values. Cytochrome-c 
concentrations in the aqueous samples were determined using corresponding 
aqueous calibration curves at the experimental conditions for cytochrome-c (see 
section 3.12.1.). A scan (190-590 nm) of 1 mg ml-1 cytochrome-c in PB (pH 7) is 
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3.5.3. ANTIBODY ACTIVITY MEASUREMENTS – HPLC ANALYSIS 
 
In this work, the Agilent 1100/1200 Series High Performance Liquid Chromatography 
(HPLC) systems using Chemstation software were used, where two types of columns 
were used to measure the concentration of humanized MAb Fab fragments or human 
IgG4 MAbs in aqueous samples. A Protein A HPLC column was used to analyse the 
humanized IgG4 MAbs and a Protein G HPLC column was used to analyse 
humanized B72.3 IgG4 MAb Fab fragments. According to Lonza Biologics plc. 
(personal communication, 2008), the concentrations determined using Protein A/G 
HPLC should be between 20 and 1000 µg ml-1, because during the validation of the 
assay, the linear part of the calibration curve was found to be in this range. Thus 
anything outside this range was disregarded.  
 
To calculate the concentration of a test sample using a single point standard, first use 
Equation (3.4) to calculate the mean standard peak area and determine the µg ml-1 
per unit area, then calculate the concentration of the test samples by multiplying the 
peak area by the factor determined in Equation (3.4). Subsequently, subtract the 
calculated blank concentration and multiply the resulting value by the sample dilution 












      (3.4) 
tcoefficienextinction
tcoefficiensample
ionconcentratcalculatedionconcentratcorrected =    (3.5) 
 
3.5.3.1. HPLC method using Protein A and Protein G: The samples 
were diluted in a 1:2 ratio with binding buffer (i.e. 50% sample + 50% binding buffer) 
and then vortexed for 5 seconds, before placing them into the HPLC. Flowrate was 2 
ml/min, detected at 280 nm, a) sample injected straight away (i.e. at time 0), b) run 
binding buffer for 51 seconds, c) run elution buffer for 35 seconds (i.e. from 51 
seconds to 1 minute and 26 seconds), d) at 1 minute and 30 seconds, run binding 
buffer until 2 minutes (i.e. for 30 seconds). The load volume per injection was 50 µl, 
and two injections were carried out per sample. A 1.5 ml sample of Milli-Q H2O was 
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3.6. MEASUREMENT OF PH 
 
The pH of each solution was measured using a Hanna Instruments laboratory pH-
123 Microprocessor pH/mV/oC Meter with a simple junction combined pH/reference 
electrode (VWR International UK). The accuracy of the pH and temperature 
measurements was ± 0.01 pH and ± 0.5 ºC, respectively. 
 
3.7. WATER CONTENT ANALYSIS USING KARL FISCHER 
TITRATION 
 
The water content ( oW ) of the RM phase from FE and BE was determined by Karl 
Fischer titration using a Mettler Toledo DL37 KF Coulometer or a Mettler Toledo 
C20/C30 Karl Fischer Coulometer. Only a small (5 µ l to 0.2 ml) sample was required 
and injected into the titrator using a microsyringe. The oW  of a RM phase is defined 
as the molar ratio of water to surfactant. The water concentration in the RM phase 
samples was given in ppm, therefore oW  was calculated using Equation (3.6). Where 
wc  is the water concentration in the sample (ppm), sc  is the water concentration in 
the pure solvent (ppm), wM  is the molecular weight of water (18.02 g mol-1), RMρ  is 
the RM sample density (g cm-3), and [ ]RMAOTorHDEHP  is the surfactant 









WaterW ρ−==    (3.6) 
The size of the RMs ( wpR ) were calculated using Equation (3.7) (Mat, 1994) which is 
based on AOT, however, in this thesis we assumed the same equation applied for 
HDEHP also due to the similarity of the two surfactants. Where the wpR  is the water 
pool radius (Å), and oW  is the water content of a RM phase. 
mWR owp
1010)55.189.3( −+=    (3.7) 
 
3.8. DETERMINATION OF ANTIBODY CONFORMATION 
 
The test methods used for MAb production can be divided into the ones designed to 
describe the chemical and physical characteristics of the antibody molecule, and the 
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ones able to characterise the impurity profile, examples of these are shown in Table 
3.2 (Flatman et al., 2007).  
 




During the determination of antibody conformation, the biological functionality of 
antibodies is required as an antibody can loose its activity due to physical stresses, 
and since antibodies are fundamentally prone to chemical modifications caused by 
the chemicals used during their purification. An activity test such as a binding assay 
capable of evaluating the capacity of the antibody to bind its antigen is clearly of 
interest. This can be determined by measuring target interactions using methods 
such as microcalorimetry, Biacore using surface plasmon resonance (SPR), or novel 
methods such as the Octet™ from Fortebio™, where SPR is used to measure the 
change in angle of light from a gold surface during binding of an antibody to the 
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capture molecule. Octet™ is used to detect a wavelength shift of white light on the 
surface of multiple optical fibres during binding (Flatman et al., 2007).  
 
Therefore, several methods for the determination of antibody activity were 
considered during this study, and researched in quite a lot of detail. Unfortunately, 
none of them turned out to be useful, and these included SPR biosensors using the 
Biacore biosensor system, Biacore® 3000, Isothermal Calorimetry (ITC), Differential 
Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR), and 
the use of ligands. The low concentrations of Fab fragments in the samples for 
analysis (between 0 and 1 mg ml-1) already cause a problem in the implementation of 
ITC, DSC and FTIR as higher concentrations are required and preferred (Chen et al., 
2003; Department of Biology, 2008; Dumoulin et al., 2002; Harn et al., 2007; Lee et 
al., 2002; Vermeer and Norde, 2000). However, the main issue for ITC which was 
also the reason why SPR could not be used, was the fact that both these methods 
require the use of ligands and the humanized IgG4 B72.3 MAb Fab fragments only 
recognises an oncofetal antigen of >1000 kDa, identified as a tumour-associated 
glycoprotein (TAG-72) with properties of a mucin. The fact that TAG-72 is very large 
is problematic in itself, it is also heterogeneous and too costly to purchase (5 KU cost 
£179.50, Product Number T9306 Sigma-Aldrich® (UK)) in the large quantities that 
would be needed. Thus the use of these techniques was not possible, and also the 
Departmental Safety Officer explained that TAG-72 too dangerous and toxic since it 
comes in sodium azide which would degrade upon heating and become toxic, 
therefore its use could not be permitted in the Department.  
 
Thus, the methods actually carried out for determining antibody conformation were 
circular dichroism (CD), Gel permeation size exclusion chromatography (GP-HPLC), 
Isoelectric focussing (IEF) and LabChip 90 capillary electrophoresis, where as a 
whole these methods were used to determine what effect the extraction methods was 
having on the structure of the monoclonal antibody and its Fab fragments. 
 
3.8.1. CIRCULAR DICHROISM (CD) 
 
All measurements were carried out on a Chirascan™ Circular Dichroism (CD) 
spectrometer from Applied Photophysics (UK). CD was chosen as it is a commonly 
used method for studying peptide and protein conformation, and has an important 
role to play in providing structural and kinetic information about the pathway(s) 
involved in protein folding (Kelly and Price, 1997). Pioneering initial structural 
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characterisations of folding intermediates using this method have been obtained for a 
few proteins, including cytochrome-c, ribonuclease A, guinea pig α-lactalbumin, and 
hen lysozyme. CD is also very sensitive to protein conformation and is thus a suitable 
technique for examining the structural changes in proteins, since the structural 
changes resulting from alterations in the substitution of amino acid residues are 
detected and characterised by the use of CD (Oloo, 2003). CD is thus a sensitive 
indicator of the main-chain conformation of proteins as well as an expression of 
optical activity (Stryer, 1999).  
 
3.8.1.1. Sample preparation: Samples were diluted to the optimal 
humanized IgG4 MAb Fab fragment concentration (which depends on the 
absorbance properties of the protein) using the corresponding buffer, and in order to 
cover the beam path, about 250 µl of sample was required in a 1 mm path length 
cell. The samples are typically run in good quality quartz cuvettes with 1-2 mm path 
length. 
 
3.8.1.2. Spectrum acquisition: In order to recover the spectra for 
humanized IgG4 MAb Fab fragments, the following settings were used: 1) 
Temperature: 20 ºC; 2) Wavelengths: 190 to 260 nm; 3) Step: 0.5 nm intervals; 4) 
Band width: 1 nm; 5) Time per point: 1 second; and 6) Total scan time: approximately 
3 minutes.  
 
3.8.2. GEL PERMEATION SIZE EXCLUSION CHROMATOGRAPHY 
(GP-HPLC) 
 
Gel Permeation HPLC or GPC was carried out using a TSK-GEL® G3000 SWXL 
Column from TOSOH Bioscience (UK) for the determination of relative amounts of 
monomer and aggregates present in human IgG4 MAb samples and humanized 
B72.3 IgG4 MAb Fab fragment samples. GPC was chosen as size exclusion HPLC is 
the most commonly used method for determining purity and levels of product 
aggregation (Flatman et al., 2007). It is a method which works based on the 
molecular size of the components by first passing higher molecular weight 
aggregates and finishing with the smaller proteins such as fragments or impurities. 
Thus, GPC is often used as a non-destructive means for monitoring aggregates of 
native MAbs that rise from covalent or non-covalent interactions, as it should resolve 
a dimer of the antibody from the monomer and more highly aggregated species, and 
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measurement of fragmentation and dissociation products is also possible (Flatman et 
al., 2007). Therefore, for this work, the Agilent 1100/1200 Series High Performance 
Liquid Chromatography (HPLC) system using Chemstation software was used as an 
additional method for the analysis of aqueous samples before and after extraction to 
see whether the protein of choice was present, and whether it was being affected by 
extraction. Thus, this technique was adopted for this work and is detailed below 
according to Lonza Biologics plc.’s standard operating procedures. However, the 
most important problem resulting from this technique is the interaction of the antibody 
molecules with the column matrix, resulting in non-ideal chromatography which is 
shown as peak broadening and elution at what seems to be lower molecular sizes 
(Flatman et al., 2007).  
 
In order to analyse the GPC data, the calculation of the resolution factor for 
molecular weight standards was carried out by calculating the resolution factor 
between Thyroglobulin and Gammaglobulin by the tangent method, where the 
percentage for aggregate, monomer and fragment was calculated using three 
equations. First, all peak areas ( )T  corresponding to the monomer, aggregates and 
fragments (if present in the sample) were summed using Equation (3.8) to 
determined the relative content of monomer. Equation (3.9) was used to determine 
the relative content of aggregates, and Equation (3.10) to determine the relative 
content of fragments. 
( ) 100% Tareapeaktotal
monomerofareapeak













AtoAfragmentsofareapeakfragments nK=    (3.10) 
 
3.8.2.1. GP-HPLC method: The samples were injected neat as they had a 
concentration < 5 mg ml-1. Flowrate was 1 ml/min, detection at 280 nm, a) sample 
was injected straight away (i.e. at time 0), b) run mobile phase buffer for 15 minutes 
for analysis followed by 5 minutes post run to clean the column before the next 
sample is injected. The load volume per injection was 50 µl, and one injection was 
carried out per sample at + 4 oC. A 1.5 ml sample of Milli-Q H2O was used to wash 
the needle between injections and to clean the column before storage. All peaks 
obtained were manually integrated, whilst closely examining retention time (i.e. about 
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14 minutes in total), where the IgG4 MAbs and IgG4 MAb Fab fragment peak was 
found between 7 and 11 minutes, and from 11 minutes onwards a flow through peak 
was usually observed, thus all peaks after the flow through peak were ignored. 
 
3.8.3. LABCHIP 90 CAPILLARY ELECTROPHORESIS 
 
Electrophoresis methods are preferable for identity, integrity and purity testing of 
antibody products; the two most frequently used methods are isoelectric focussing 
(IEF) and sodium dodecylsulphate polyacrylamide electrophoresis (SDS PAGE), 
where IEF is mainly used for identity and SDS PAGE for purity and integrity tests. 
IEF is a method which separates proteins based on their net charge by creating an 
electric potential gradient, whereas SDS PAGE separates polypeptides based on 
their molecular weight, thus allowing separation of polypeptides as well as estimation 
of their molecular weight and therefore its use is adopted since molecular weight 
does not relate to a polypeptides electric charge (Flatman et al., 2007). The use of 
SDS PAGE thus enables denaturation of the polypeptide to eliminate secondary 
structure and allows the polypeptide to be allocated an overall negative charge which 
is directly proportional to the number of amino acid residues present. However, the 
necessity for faster, less labour intensive and automated methods have led to 
different capillary electrophoresis methods that offer similar purity and size 
information, such as LabChip 90, which is a modern technology for fast SDS PAGE 
style analysis. Therefore, LabChip 90 capillary electrophoresis was chosen to 
examine how RM extraction affects the human IgG4 MAb and humanized B72.3 
IgG4 MAb Fab fragment structure in aqueous samples as it can process more 
samples in a shorter space of time and requires smaller sample quantities than 
conventional slab gels. Also LabChip 90 capillary electrophoresis data is very similar 
to size exclusion HPLC traces, as they show the ultraviolet response over time, and 
the peaks correspond to the size of proteins. Since capillary electrophoresis 
instruments are perfectly equipped for automation and are extremely comparable to 
HPLC systems in terms of function, they offer important automation advantages 
compared to traditional slab gel electrophoresis. However, in the case of LabChip 90, 
since the simulated “gels” are derived from the ultraviolet traces, it is more accurate 
to base any findings on the actual numerical data and the electropherograms rather 
than on the “gels”. Thus, this technique was adopted for this work and is detailed 
below, where LabChip 90 capillary electrophoresis was carried out on a LabChip 90 
System from Caliper Life Sciences (UK). 
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3.8.3.1. LabChip 90 capillary electrophoresis method: An HT protein 
LabChip® kit with user guide was used per 288 samples (i.e. three 96 well plates) for 
analysis. Preparation was carried out in several stages. 1) preparing the gel-dye and 
gel destaining solution; 2) preparing the sample denaturing solution; 3) preparing the 
protein samples where 4 µl of each sample was mixed with 14 µl of denaturing 
solution and 150 µl of water and placed in 96 well plates; 4) preparing the protein 
ladder; 5) preparing the buffer strip well; 6) cleaning the instrument electrodes; 7) and 
preparing the protein chip. Then the samples were analysed running the HT protein 
express assay, generating electropherograms. In order to determine whether human 
IgG4 MAbs or humanized B72.3 IgG4 MAb Fab fragments was present in the 
samples and to see if they altered structurally by aggregating and/or fragmenting, the 
electropherograms were looked at in terms of size.  
 
3.8.4. ISOELECTRIC FOCUSING (IEF) 
 
IEF of human IgG4 MAbs and humanized B72.3 IgG4 MAb Fab fragments using pre-
cast agarose gels was carried out on flat bed electrophoresis equipment from 
Amersham Biosciences Multiphor II (UK). IEF was chosen as it is a method able to 
indicate structural changes in antibody molecules based on their charge and thus can 
be used to confirm product identity. Since antibodies carry a net charge, apart from at 
their pI, under the influence of an electric field they will travel towards the electrode of 
opposite polarity. As they display a degree of charge heterogeneity, when set up 
across a medium supporting a pH gradient, the antibody molecules should focus as a 
number of discrete bands which are characteristic for each antibody, and it is the 
changes in this pattern that are suggestive of structural changes in the antibody 
molecule. During IEF, test samples are analysed together with a reference sample 
and the charge profiles between the two samples are compared, where it is the 
shifting of the banding pattern, when monitored through a process that can indicate 
chemical modifications of the sequence (Flatman et al., 2007). Therefore, IEF was 
used for humanized B72.3 IgG4 MAb Fab fragments as an additional method for the 
analysis of aqueous samples before and after extraction. This was carried out to see 
what effect extraction had on both the chemistry (i.e. the Fab fragment side chain) 
and biochemistry, as well as to see if the buffers used had an effect on the pI of Fab 
fragment and if the structure of the Fab fragment changed or altered during 
extraction or because of precipitation. For human IgG4 MAbs it was simply a way to 
see if the buffers used had an effect on the pI of the human IgG4 MAbs. However, 
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IgG4 MAbs and IgG4 MAb Fab fragments show bands at different pIs as their pIs are 
not the same. 
 
3.8.4.1. IEF method: Preparation and analysis was carried out in several 
stages according to Lonza Biologics plc. standard operating procedures. 1) reagent 
preparation; 2) setting up equipment; 3) plate preparation; 4) electrode wick 
application; 5) sample application and focusing: 5 µl of each sample including 
reference standards were placed in their corresponding slots on the gels (samples 
below 10 µg were placed in the slots as is, and samples above 10 µg were diluted 
down to 10 µg with their corresponding buffer before being placed in the slots); 6) 
fixing, staining and destaining; and 7) recording and interpretation of results.  
 
3.9. HUMANIZED IGG4 B72.3 MAB FAB FRAGMENT 
PRECIPITATION 
 
To determine whether there was any Fab fragments in the interphase precipitate 
layer after FE in the conventional method, and to remove any interferences due to 
slight cloudiness of the aqueous phases when observed during FE and BE both in 
the conventional and the HFM membrane module methods, two different precipitation 
methods were used: buffer precipitation and acetone precipitation.  
 
3.9.1. FORWARD EXTRACTION WITH BUFFER PRECIPITATION IN 
CONVENTIONAL REVERSE MICELLAR EXTRACTION 
 
The RM phase consisted of an anionic surfactant, AOT or HDEHP, in isooctane or in 
corn oil, and the surfactants were used without further purification. Aqueous solutions 
for FE were prepared with 80% 0.1 M NaCl and 20% 0.1 M buffer solutions made up 
to the required pH (AB at pH 5 and PB at pH 6 for isooctane and for corn oil). The 
initial aqueous samples were analysed using the UV-Spectrophotometer. FE was 
performed by contacting the same volume (1.1 mL for isooctane and for corn oil) of 
an aqueous phase containing 1 mg ml-1 IgG4 Fab fragments, and an RM phase 
containing AOT/isooctane at 25 mM, HDEHP/isooctane at 6.25 mM, AOT/corn oil at 
3.13 mM and HDEHP/corn oil at 6.25 mM (with the addition of 1-hexanol (5%) to 
dissolve AOT when corn oil was used), in a 12 mL test tube. The test tube was then 
mixed by using a shaker (Mains Stuart Flask Shaker) at speed 5.5 for 40 min when 
using isooctane, and for 60 min when using corn oil. Phase separation was achieved 
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by centrifugation for 5 min at 7000 rpm when using isooctane, and for 20 min at 
10000 rpm when using corn oil. The RM phase was then removed from the tube 
immediately after centrifugation, after which part of the aqueous phases were diluted 
with their corresponding buffers at a ratio of 1:10 before analysis using the UV-
Spectrophotometer at 280 nm. Then five different volumes (in a 1:1, 1:2, 1:3, 1:4 and 
1:5 ratio) of aqueous buffer were added to the remaining five tubes of each aqueous 
phase with interphase. These tubes were then mixed by using a shaker (Mains Stuart 
Flask Shaker) at speed 5.5 for 40 min when using isooctane, and for 60 min when 
using corn oil to make sure the interphase disappeared and no precipitate was left in 
the tube, and then centrifuged for 5 min at 7000 rpm when using isooctane, and for 
20 min at 10000 rpm when using corn oil. Then the resulting aqueous samples were 
diluted with their corresponding buffers at a ratio of 1:10 before analysis using the 
UV-Spectrophotometer at 280 nm.  
 
3.9.2. ACETONE PRECIPITATION WITH AN ETHANOL WASH 
STEP 
 
The purpose of precipitation was to concentrate the sample and remove small 
interfering species, such as salts and detergents, for downstream applications in one 
step. This was achieved by adding a compound to the sample that causes the protein 
to precipitate. The solubility of a protein relies on the dielectric constant of the 
solution, where the solubility of proteins can be reduced and precipitation can be 
induced by lowering the effective dielectric constant of the media. This is commonly 
achieved by adding a water-soluble solvent such as acetone to an aqueous solution 
containing the protein of interest as it removes salts and many lipid soluble 
contaminants, and concentrates proteins. However, frequently some of the 
precipitated proteins do not completely re-dissolve; therefore another popular 
precipitation method such as ethanol precipitation can be used. After careful 
research into these two techniques, a method which combines both acetone and 
ethanol precipitation, where the ethanol step is optional, was used.  
 
In order to determine the amount of polypeptide present in the aqueous samples 
taken during FE and BE in the HFM module, and after FE and BE as well as in the 
precipitate layer between the two phases (when observed) after FE from the 
conventional extraction method, acetone precipitation with an ethanol wash step was 
carried out. This entailed: 1. 0.1 ml of sample being mixed with 0.4 ml cold acetone 
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(– 20 oC) in 1.5 ml eppendorf tubes; 2. the eppendorf tubes were briefly (~10 
seconds) vortexed and incubated for 60 minutes at – 20 oC; 3. the samples were 
centrifuged for 10 minutes at room temperature at 14 000 rpm to pellet the 
polypeptides; 4. being careful not to dislodge the polypeptide pellet, the supernatant 
was decanted and disposed of; 5. the pellet was washed with 0.1 ml cold ethanol (– 
20 oC) and vortexed briefly (~10 seconds); 6. the eppendorf tubes were centrifuged 
for 2 minutes at room temperature at 14 000 rpm to pellet the polypeptide; 7. being 
careful not to dislodge the polypeptide pellet, the ethanol was decanted and disposed 
of; 8. any remaining ethanol was allowed to evaporate from the uncapped eppendorf 
tubes at room temperature for 5 minutes to 1 hour, being careful not to over-dry the 
pellets as this would have affected re-solubilisation of the polypeptide; 9. the 
polypeptide pellets were dissolved by thoroughly vortexing them in their 
corresponding buffer; and 10. the samples were analysed at 280 nm for humanized 
IgG4 MAb Fab fragments and at 400 nm for cytochrome-c in the UV-
Spectrophotometer.  
 
3.10. FORWARD AND BACKWARD EXTRACTION 
PROCEDURES 
 
A schematic representation of typical FE and BE using the conventional method 
carried out in this thesis is shown in Figure 3.1. The forward extraction (FE) 
percentage ( fE ) was calculated using Equation (3.11), the backward extraction (BE) 
percentage ( bE ) was calculated using Equation (3.12) (Ichikawa and Furusaki, 1995) 
and the overall extraction (OE) percentage ( oE ) was calculated using Equation 
(3.13). Where, for the fE  and bE , the amount of forward extracted protein in the RM 
phase, was determined by mass balance as the amount of protein in the RM phase 
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Eo  (3.13) 
 
For Equations (3.11), (3.12) and (3.13) it was assumed that the protein that was not 
in the aqueous phase after FE had successfully and completely transferred into the 
RM phase. However, this was then investigated in more depth using acetone 
precipitation with an ethanol wash step, which by removing any interference caused 
by cloudiness (in varying degrees) of the samples, allowed the amount of protein in 
the precipitate in the interphase layer (during conventional extraction) and in the 
aqueous phases to be more accurately measured.  
 
For the HFM module RM extraction method, the FE percentage removal ( [ ]%fR ) 
was calculated using Equation (3.14), the BE percentage removal ( [ ]%bR ) using 
Equation (3.15) and OE percentage removal ( [ ]%oR ) using Equation (3.16). For the 
conventional RM extraction method, the FE percentage removal ( [ ]%fR ) was 
calculated using Equation (3.17), the BE percentage removal ( [ ]%bR ) using Equation 
(3.15) and OE percentage removal ( [ ]%oR ) using Equation (3.18). 
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Figure 3.1: Schematic representation of a typical conventional forward and backward reverse micellar extraction process. 
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Mass balance calculations were used to determine how much protein actually 
transferred into the RM (organic) phase during FE based on the use of acetone 
precipitation with an ethanol wash step. This generated the equations for percentage 
removals, [ ]%R , into each phase during FE ( [ ]%fR ), BE ( [ ]%bR ) and OE ( [ ]%oR ), 
and are shown for the conventional method and the HFM module method in 
APPENDIX B.  
 
3.11. REVERSE MICELLAR EXTRACTION USING THE 
CONVENTIONAL METHOD 
 
All extraction procedures were conducted in duplicate at the minimum. The optimum 
times and speeds for rotary inversion and the shaker (Mains Stuart Flask Shaker) 
were chosen based on time and speed tests carried out for both sets of equipment 
revealing optimal conditions for maximal extraction. 
 
3.11.1. FORWARD AND BACKWARD EXTRACTION OF HUMAN 
IGG4 MABS USING ISOOCTANE 
 
3.11.1.1. Forward extraction: The RM phase consisted of an anionic 
surfactant, AOT or HDEHP, in isooctane, and the surfactants were used without 
further purification. Aqueous solutions for FE were prepared with 80% 0.1 M NaCl 
and 20% 0.1 M buffer solutions made up to the required pH (AB, PB and CB, pHs 4-
11). FE was performed by contacting the same volume (750 µL) of an aqueous 
phase containing 0.05 mg ml-1 IgG4 and (2 mL) of an aqueous phase containing 1 
mg ml-1 IgG4, and an RM phase containing 1.56 mM to 50 mM AOT or HDEHP in 
isooctane, in a 1.5 mL (for 0.05 mg ml-1 IgG4) and a 12 mL (for 1.0 mg ml-1 IgG4) test 
tube. The test tube was then mixed by rotary inversion at 39 rpm for 40 min. Phase 
separation was achieved by centrifugation for 5 min at 3000 rpm and the phases 
were then analysed using appropriate procedures.  
 
3.11.1.2. Backward extraction: BE was performed mixing the same volume 
(750 µL for 0.05 mg ml-1 IgG4 and 2 mL for 1.0 mg ml-1 IgG4) of the protein RM 
phase with the same volume of 90% KCl solution and 10% 0.1 M buffer solution at 
the required concentration and pH by rotary inversion at 39 rpm for 2 hrs 50 min. The 
conditions used were 2 M KCl/PPB (pH 8) (the BE parameters were chosen based 
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on previous research, showing that these are the ideal BE parameters when 
extracting IgG4 (Kuo, 2005; Lan, 2004)). Phase separation was achieved by 
centrifugation for 5 min at 12000 rpm, and each phase was then analysed using 
appropriate procedures. 
 
3.11.2. FORWARD AND BACKWARD EXTRACTION OF 
HUMANIZED IGG4 B72.3 MAB FAB FRAGMENTS USING 
ISOOCTANE AND CORN OIL 
 
3.11.2.1. Forward extraction: The RM phase consisted of an anionic 
surfactant, AOT or HDEHP, in isooctane or corn oil, and the surfactants were used 
without further purification. Aqueous solutions for FE were prepared with 80% 0.1 M 
NaCl and 20% 0.1 M buffer solutions made up to the required pH (AB and PB, pHs 5 
to 8 for isooctane and corn oil). FE was performed by contacting the same volume 
(3.5 or 1.3 mL for isooctane and 2.5 or 1.3 mL for corn oil) of an aqueous phase 
containing 1 mg ml-1 IgG4 Fab fragments, and an RM phase containing 1.56 to 50 
mM AOT or HDEHP in isooctane or corn oil (either with or without the addition of 1-
hexanol (5%) to dissolve AOT when corn oil was used), in a 12 mL test tube. The test 
tube was then mixed by rotary inversion at 39 rpm for 40 min or by using a shaker at 
speed 5.5 for 40 min when using isooctane and by rotary inversion at 39 rpm for 90 
min when using corn oil. Phase separation was achieved by centrifugation for 5 min 
at 3000 rpm (when rotary inversion was used) or for 5 min at 7000 rpm (when the 
shaker was used) when using isooctane, and for 20 min at 10000 rpm when using 
corn oil, and were then analysed using appropriate procedures. 
 
3.11.2.2. Backward extraction: BE was performed mixing the same volume 
(2 or 1 mL for isooctane and 1.7 or 1 mL for corn oil) of the protein RM phase with 
the same volume of 90% KCl solution and 10% 0.1 M buffer solution at the required 
concentration and pH by rotary inversion at 39 rpm for 2 hrs 50 min or by using a 
shaker at speed 5.5 for 60 min when using isooctane, and by rotary inversion at 39 
rpm for 2 hrs 35 min when using corn oil. The conditions used were 2 M KCl/PPB (pH 
8) and 1 M KCl/CB (pHs 9 to 11) for isooctane and 1 M KCl/PPB (pHs 8 to 11) and 1 
M KCl/CB (pHs 9 to 11) for corn oil. Phase separation was achieved by centrifugation 
for 5 min at 12000 rpm when using isooctane, and for 10 min at 12000 rpm when 
using corn oil and were then analysed using appropriate procedures. 
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3.11.3. FORWARD AND BACKWARD EXTRACTION OF 
HUMANIZED IGG4 B72.3 MAB FAB FRAGMENTS IN 
ISOOCTANE AND CORN OIL WITH AND WITHOUT THE 
NON-IONIC AND COUNTERIONIC SURFACTANTS 
 
3.11.3.1. Forward extraction: The same procedure as in section 3.11.2.1. 
was used except that the buffers used were AB (pH 5) and PB (pH 6), the FE 
volumes of each phase was 4 mL, the RM phase contained 3.13 to 25 mM AOT or 
HDEHP in isooctane or corn oil (with the addition of 1-hexanol (5%) to dissolve AOT 
when corn oil was used). In addition, the test tube was mixed using a shaker at 
speed 5.5 for 40 min when using isooctane, and for 60 min when using corn oil, and 
phase separation was achieved by centrifugation for 5 min at 7000 rpm when using 
isooctane, and for 20 min at 10000 rpm when using corn oil. 
 
3.11.3.2. Forward extraction using a non-ionic surfactant: The same 
procedure as in section 3.11.3.1. was used except that the RM phase consisted of 
90% AOT or HDEHP and 10% 25 mM of a non-ionic surfactant, Brij 30, in isooctane 
or corn oil, where the AOT, HDEHP and Brij 30 were used without further purification. 
 
3.11.3.3. Backward extraction: The same procedure as in section 3.11.2.2. 
was used except the BE volumes of each phase was 3 mL, the test tube was mixed 
using a shaker using a shaker at speed 5.5 for 60 min when using isooctane and for 
45 min when using corn oil, and the conditions used were 1 M KCl/PPB (pH 8) and 1 
M KCl/CB (pH 10). 
 
3.11.3.4. Backward extraction using a counterionic surfactant: The 
same procedure as in section 3.11.3.3. was used except that for BE the RM phase 
consisted of 94% organic phase taken after FE and 6% 60 mM of a counterionic 
surfactant, TOMAC, mixed in isooctane or corn oil, where the TOMAC was used 
without further purification. In addition, the test tube was mixed using a shaker using 
a shaker at speed 5.5 for 5 min, and phase separation was achieved by 
centrifugation for 2 min at 12000 rpm. 
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3.11.4. FORWARD AND BACKWARD EXTRACTION OF HORSE 
HEART CYTOCHROME-C USING ISOOCTANE AND CORN 
OIL 
 
3.11.4.1. Forward extraction: All FEs were performed by contacting equal 
volumes (3 mL in parts (a) and (b), and 1.3 mL in parts (c) and (d)) of aqueous and 
RM solutions in a test tube (12 ml in parts (a), (b), (c) and (d)). The RM solution 
consisted of 50 to 70 mM AOT in isooctane for part (a), 25 to 75 mM AOT in corn oil 
for part (b), 3.13 to 50 mM AOT in corn oil for part (c), and 3.13 to 50 mM HDEHP in 
corn oil for part (d). Extraction equilibrium was achieved by rotary inversion at 39 rpm 
for 40 min in part (a), at 39 rpm for 1 hour in part (b), and at 39 rpm for 1 hour 30 min 
in parts (c) and (d). Samples were then centrifuged at 3000 rpm for 5 min in part (a), 
at 3000 rpm for 10 min in part (b), and at 10000 rpm for 20 min in parts (c) and (d) to 
separate the phases which were then analysed using appropriate procedures. 
 
(a) 1 mg ml-1 cytochrome-c using AOT in isooctane: Cytochrome-c at 1 mg ml-1 
was placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution. The 
buffer solutions were PB (pHs 8 and 8.5) and CB (pH 9). These parameters were 
chosen so as to confirm the ideal parameters for cytochrome-c extraction using AOT 
in isooctane found in previous work carried out by Jarudilokkul (Jarudilokkul, 2000). 
 
(b) 1 mg ml-1 cytochrome-c using AOT in corn oil: Cytochrome-c at 1 mg ml-1 was 
placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution where the 
RM phase consisted of AOT in a 1-hexanol(5%)/corn oil mixture (the 1-hexanol was 
used to dissolve the AOT before adding it to the corn oil). The buffer solutions were 
PB (pHs 7 and 8) and CB (pHs 9 to 11). 
 
(c) 1 mg ml-1 cytochrome-c using AOT in corn oil: Cytochrome-c at 1 mg ml-1 was 
placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution where the 
RM phase consisted of AOT in a 1-hexanol(5%)/corn oil mixture. The buffer solutions 
were PB (pHs 7 and 8) and CB (pH 9). 
  
(d) 1 mg ml-1 cytochrome-c using HDEHP in corn oil: Cytochrome-c at 1 mg ml-1 
was placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution where 
the RM phase consisted of HDEHP/corn oil mixture. The buffer solutions were PB 
(pHs 7 and 8) and CB (pH 9). 
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3.11.4.2. Backward extraction: BE was done using the conventional 
method. Approximately 2.5 mL (in parts (a) (for FE pHs 8 and 8.5) and (b)) and 1 mL 
(in parts (c) and (d)) of the cytochrome-c containing RM phase was mixed by rotary 
inversion at 39 rpm for 2 hrs 35 min with an equal volume of aqueous solution 
consisting of 90% 1 M KCl solution and 10% 0.1 M PPB at pH 10 (the BE parameters 
were chosen based on previous research, showing that these were the optimum BE 
parameters when extracting cytochrome-c (Jarudilokkul, 2000)). In part (a) (for FE 
pHs 8 and 8.5), 90% 1 M KCl solution and 10% 0.1 M PPB at pHs 10 and 11 in part 
(b), 90% 1 M KCl solution and 10 % 0.1 M CB at pHs 10 and 11 in parts (c) and (d), 
in a corresponding test tube. Phase separation was achieved by centrifugation for 2 
min at 12000 rpm in part (a) (for FE pHs 8 and 8.5), for 5 min at 12000 rpm in part 
(b), and for 10 min at 12000 rpm in parts (c) and (d). The separated phases were 
then analysed using appropriate procedures. 
 
3.11.5. BACKWARD EXTRACTION OF HORSE HEART 
CYTOCHROME-C IN ISOOCTANE USING A COUNTERIONIC 
SURFACTANT 
 
3.11.5.1. Forward extraction: The RM phase consisted of AOT in isooctane, 
and the AOT was used without further purification. Aqueous solutions for FE were 
prepared with 80% 0.1 M NaCl and 20% 0.1 M buffer solution made up to the 
required pH (PB pH 8.5). FE was performed by contacting the same volume (3 mL) 
of an aqueous phase containing 1 mg ml-1 cytochrome-c, and an RM phase 
containing 70 mM AOT in isooctane, in a 12 mL test tube. The test tube was then 
mixed by using a shaker at speed 5.5 for 40 min. Phase separation was achieved by 
centrifugation for 5 min at 7000 rpm and then analysed using appropriate 
procedures. 
 
3.11.5.2. Backward extraction using a counterionic surfactant: For BE 
the RM phase consisted of 96.7% RM phase taken after FE and 3.3% 52 mM of 
TOMAC in isooctane, where the TOMAC was used without further purification. BE 
was performed by mixing this 1.5 mL mixture with the same volume of 90% 1 M KCl 
solution and 10% 0.1 M buffer solution at the required concentration and pH using a 
shaker at speed 5.5 for 5 minutes. The conditions used were 1 M KCl/PPB pH 8 and 
1 M KCl/CB pH 10. Phase separation was achieved by centrifugation for 2 min at 
12000 rpm and were then analysed using appropriate procedures. 
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3.11.6. FORWARD EXTRACTION WITH AND WITHOUT HUMANIZED 
IGG4 MAB B72.3 FAB FRAGMENTS IN ISOOCTANE AND 
CORN OIL 
 
To see whether precipitate formed in the aqueous and RM phases when these were 
not in direct contact, FE of the RM phases with (section 3.11.6.2) and without 
(section 3.11.6.1) the addition of a non-ionic surfactant, and of the aqueous phases 
with and without the addition of 1 mg ml-1 Fab fragments (section 3.11.6.3) were 
carried out, where all extraction procedures were conducted four times. To see 
whether precipitate formed during FE in the absence of Fab fragments. FE in the 
absence of Fab fragments for four ideal parameters with (section 3.11.6.5) and 
without (section 3.11.6.4) the addition of a non-ionic surfactant were carried out, 
where all extraction procedures were conducted four times. Finally, to see whether 
the use of acetone and/or ethanol during acetone precipitation with an ethanol wash 
step affected the UV-spectrophotometer readings of the samples analysed during FE 
and BE, four aqueous solutions with and without the addition of 1 mg ml-1 Fab 
fragments were spiked by adding 50 and/or 100 mM acetone and/or ethanol (section 
3.11.6.6), where all spiking experiments were conducted in duplicate at least. 
 
3.11.6.1. Forward extraction of a single organic phase: The RM phase 
consisted of an anionic surfactant, AOT or HDEHP, in isooctane or corn oil, and the 
AOT and HDEHP were used without further purification. FE was performed with an 
RM phase (1 mL) containing 1.56 mM to 50 mM AOT or HDEHP in isooctane or corn 
oil (with the addition of 1-hexanol (5%) to dissolve AOT when corn oil was used), in a 
1.5 mL eppendorf tube. The eppendorf tube was then mixed by using a shaker at 
speed 5.5 for 40 min when using isooctane and for 60 min when using corn oil, and 
then centrifuged for 5 min at 7000 rpm when using isooctane, and for 20 min at 
10000 rpm when using corn oil. 
 
3.11.6.2. Forward extraction of a single organic phase using a non-
ionic surfactant: The same procedure as in section 3.11.6.1. was used except the 
RM phase consisted of 90% (0.9 mL) of an anionic surfactant, AOT or HDEHP, and 
10% (0.1 mL) of a non-ionic surfactant, Brij 30, in isooctane and corn oil (with the 
addition of 1-hexanol (5%) to dissolve AOT when corn oil was used).  
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3.11.6.3. Forward extraction of a single aqueous phase: Aqueous 
solutions for FE were prepared with 80% 0.1 M NaCl and 20% 0.1 M buffer solutions 
made up to the required pH (AB pH 5 and PB pH 6). FE was performed with an 
aqueous phase (1 mL) with and without 1 mg ml-1 IgG4 Fab fragments in a 1.5 mL 
eppendorf tube. The eppendorf tubes were then mixed by using a shaker at speed 
5.5 for 40 min and then centrifuged for 5 min at 7000 rpm.  
 
3.11.6.4. Forward extraction: The same procedure as in section 3.11.3.1. 
was used except that FE was carried out in the absence of Fab fragments, the FE 
volumes of each phase was 2 mL, and the RM phase contained 6.25 mM to 25 mM 
AOT or HDEHP in isooctane and corn oil (with the addition of 1-hexanol (5%) to 
dissolve AOT when corn oil was used). 
 
3.11.6.5. Forward extraction using a non-ionic surfactant: The same 
procedure as in section 3.11.6.4. was used except that the RM phase consisted of 
90% anionic surfactant, AOT or HDEHP, and 10% non-ionic surfactant, Brij 30, in 
isooctane or corn oil, and the AOT, HDEHP and Brij 30 were used without further 
purification, and for FE 1.8 mL of the RM phase was mixed with a 0.2 mL mixture 
made up of 10% 25 mM Brij 30 in isooctane or in corn oil.  
 
3.11.6.6. Buffer spiking experiment: Four aqueous solutions were 
prepared with 80% 0.1 M NaCl and 20% 0.1 M buffer solutions made up to the 
required pH (AB pH 5, PB pH 6, PPB pH 8 and CB pH 10) with and without the 
addition of 1 mg ml-1 Fab fragments. These were then spiked in six ways by adding: 
1) 50 mM acetone, 2) 100 mM acetone, 3) 50 mM ethanol, 4) 100 mM ethanol, 5) 50 
mM acetone and 50 mM ethanol, and 6) 100 mM acetone and 100 mM ethanol. All 
these samples were then analysed on the UV-Spectrophotometer at 280 nm and 
scanned between 190 and 600 nm. 
 
3.12. CALIBRATION CURVES 
 
3.12.1. AQUEOUS CALIBRATION CURVES 
 
Aqueous calibration curves were generated for each buffer type for FE and BE, and 
for each new polypeptide batch received in order to confirm reproducibility. Since 
reproducibility between batches was confirmed, only one set of calibration curves in 
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its linear regions per polypeptide is shown in APPENDIX C (Figures C.1 to C.4 for 
human IgG4 MAbs, Figures C.5 to C.8 for humanized IgG4 Fab fragments, and 
Figures C.9 to C.12 for horse heart cytochrome-c). All aqueous samples of human 
IgG4 MAbs and humanized IgG4 B72.3 MAb Fab fragments, as well as the BE 
aqueous CB samples for cytochrome-c, were diluted 10 times before analysis to 
ensure that readings were obtained from the linear section of the calibration curves. 
All experimental procedures were conducted in triplicate where the polypeptides 
were diluted to varying concentrations in the chosen buffers at set pHs and analysed 
in the UV-Spectrophotometer at their corresponding wavelengths.  
 
3.12.1.1. Aggregation: The fact that the aqueous calibration curves 
generated for human IgG4 MAbs and humanized IgG4 B72.3 MAb Fab fragments 
were found to be linear only between 0.0 and 0.2 mg ml-1 could have been caused by 
aggregation. In the case of Fab fragments, aggregation could have affected 
separation, resulting in the Fab fragments forming dimers, tetramers, and 
quadrimers, and since the pure Fab fragments had a lower concentration than Lonza 
Biologics plc had originally anticipated, this could have been caused by aggregation. 
However, aggregation of both IgG4 MAbs and Fab fragments did not seem to cause 
turbidity as the solutions received from both Cambridge Antibody Technology and 
Lonza Biologics plc. were clear. The aqueous calibration curves also indicated that 
the results obtained were not pH dependent but in fact concentration dependent. 
During the production and formulation of MAbs intended for therapeutic use, they are 
exposed to non-ideal matrices which could have resulted in an alteration of their 
conformation and the formation of aggregates. This could have affected the 
effectiveness of the final product intended for human use, and the types of 
aggregates formed include aggregation consisting of non-covalent and covalent 
(often disulphide-linked) dimers and trimers. Therefore, these need to be detected as 
soon as possible to avoid them having any effect on purification, where by analysing 
the characteristics of the antibodies intended for human use, the composition of the 
aggregate species can be identified. Aggregate measurement is a concession 
between speed of analysis and sensitivity for identifying very low quantities of 
aggregates, since at present a model analytical method for process monitoring of 
aggregation or conformation of antibodies is non existent. This is why generally size 
exclusion HPLC is the method of choice for aggregate measurements. A summary of 
other methods used for the analysis of confirmation and aggregation are shown in 
Table 3.3, although the majority are somewhat insensitive (Flatman et al., 2007). 
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Table 3.3: Potential techniques useful for aggregate and conformational 




3.12.2. ORGANIC CALIBRATION CURVES 
 
The generation of calibration curves for isooctane and corn oil using AOT and 
HDEHP was attempted by trying to generate a curve for each organic phase 
corresponding to a specific aqueous buffer at its desired pH. All experimental 
procedures were conducted in triplicate with the goal of enabling the organic phase 
at the end of FE and BE to be analysed. However, the generation of calibration 
curves was not possible because even though the RM samples were done in 
triplicate, the UV readings for all the RM samples analysed fluctuated continuously, 
resulting in identical RM samples never giving the same readings. In addition, a 
number of RM samples, especially those containing HDEHP in isooctane generated 
negative absorbances. Moreover, the AOT isooctane scans revealed that nearly all 
scans were negative with very low positive absorbances between 230 and 250 nm, 
possibly suggesting that the UV was unable to read the RM samples at the required 
wavelength for Fab fragments which is 280 nm. Similar findings were observed for 
corn oil where for both AOT and HDEHP all the readings between roughly 190 and 
360 nm fluctuated continuously whether they were positive or negative. This 
suggests that at certain wavelengths the readings are less stable than others, 
implying that the RM samples should probably be read at a higher wavelength of 
about 380 nm, which would be incorrect since we know that Fab fragments absorb at 
280 nm. Therefore, something other than Fab fragments were absorbing above 280 
nm, implying that it may be the actual RM phase causing problems. Based on these 
Chapter 3 – Materials and Methods 
 124 
findings, any calibration curves generated for isooctane and corn oil would be 
unreliable. This is why for the work carried out in this thesis only aqueous calibration 
curves were used. Example scans (190-600 nm) of RM phases at the end of FE 
using 1 mg ml-1 Fab fragments for AOT and HDEHP in isooctane and corn oil are 
shown in APPENDIX C (Figure C.13 for AOT in isooctane, Figure C.14 for HDEHP 
in isooctane, Figure C.15 for AOT in corn oil, and Figures C.16 for HDEHP in corn 
oil), as similar scans were observed for all other RM phases scanned. 
 
3.13. REVERSE MICELLAR EXTRACTION USING A HOLLOW 
FIBRE MEMBRANE MODULE 
 
For the membrane process studied in this thesis, namely liquid-liquid extraction in a 
hollow fibre module, the separation is based on the principles of liquid-liquid 
extraction, where the membrane serves as a barrier of high surface area per volume 
between the two liquid phases; in addition, it needs to be a transfer medium for the 
solute being recovered. Due to the fact that commercial modules are built with a 
tightly packed bundle of fibres in order to provide a large surface area per volume, 
the work carried out in this thesis was in a pre-fabricated MiniModule® 1 x 5.5 from 
Membrana (Germany) containing 2300 X-50 HFMs, which is the smallest module 
made by Membrana (Germany).  
 
Figure 3.2: Schematic diagram of a HFM module. 
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3.13.1. HFM MODULE RIG DESIGN AND CONSTRUCTION 
 
The experimental rig was comprised of one pre-fabricated MiniModule® 1 x 5.5 from 
Membrana (Germany), 17.8 cm in height; with the lumen for the aqueous phase, and 
the shell side for the RM solution using counter-current flow. The microporous HFMs 
in the module (Celgard® X50-215) are symmetrical allowing the RM and aqueous 
solutions to flow either inside or outside the fibres. The MiniModule® 1 x 5.5 
characteristics are shown in Table 3.4, while the Celgard® X50-215 microporous 
HFMs properties are shown in Table 3.5.  
 
Table 3.4: MiniModule® 1 x 5.5 product data sheet [Summarised and re-drawn 
from MiniModule® 1 x 5.5 product data sheet]. 
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Table 3.5: Celgard® X50-215 microporous HFM characteristics and properties 
with typical values [Summarised and re-drawn from product 




The design of the experimental set-up with pressure control used in counter-current 
flow is shown in Figure 3.3; and the HFM module rig used is shown in Figure 3.4. 
This offered reproducible means of control of the experimental parameters, where 
velocities could be varied by adjusting the setting of the pumps, and the pressures 
increased independently by closing the needle point valves. More in depth 
construction details are shown in APPENDIX D. 
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Figure 3.3:  Design of experimental set-up with pressure control using 
MiniModule® 1 x 5.5 in counter-current flow. 
 
 
Figure 3.4:  HFM module rig. 
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3.13.1.1. Method for cleaning the module: After each extraction (i.e. after 
FE and then after BE) the apparatus was cleaned. Firstly, the set-up was washed by 
circulating a mild soap solution in the lines and then rinsing with clear DI water. Next, 
any remaining trace of surfactant or emulsion was removed by flowing ethanol 
through the system. The ethanol used in the final rinse wets and swells the Celgard 
fibres which become translucent and distorted under the effect of swelling. Since 
hydrophobic fibres were needed, the set-up was then dried by connecting the lines to 
the vacuum pumps after the ethanol rinse. When vacuum was applied to the system 
for twenty to thirty minutes, the fibres recovered their white colour and straightened 
back to their original shape.  
 
3.13.2. FINDING A MASS TRANSFER MEDIUM FOR HFM MODULES 
 
In order to model mass transfer in a hollow fibre module, theoretical equations were 
derived (the derivations of which are shown in APPENDIX D). These equations using 
counter-current flow in the module, where the aqueous phase flows inside the fibres, 
lead to a mathematical expression for the mass transfer coefficient, aqK , given as 
Equation (3.19), which is a very general derivation for aqK , that is independent of the 







∆  can be replaced by slope
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A partition coefficient, H , was used to determine the mass transfer rate for the 
liquid-liquid system, where detailed equations and derivations of the theoretical 
model are shown in APPENDIX D. For HFM module RM extraction of cytochrome-c, 
the partition coefficient for FE ( fH ) of the protein into the RM phase was calculated 
using Equation (3.20), the partition coefficient for BE ( bH ) of the protein into the 
aqueous stripping phase was calculated using Equation (3.21), while the partition 
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coefficient for OE ( oH ) of the protein into the RM phase and into the aqueous 
stripping phase was calculated using Equation (3.22), based on conventional 
extraction. Where Equations (3.20), (3.21) and (3.22) were obtained using [ ]%fE , 
























EH −=           (3.22)  
However, since the partition coefficients determined for cytochrome-c in Equations 
(3.20), (3.21) and (3.22), are based on conventional extraction derived from [ ]%fE , 
[ ]%bE  and [ ]%oE , where it was initially assumed that the protein that was not in the 
aqueous phase after FE had successfully and completely transferred into the RM 
phase. However, it was discovered that with the use of acetone precipitation with an 
ethanol wash step, the amount of protein lost in the precipitate in the interphase layer 
during conventional extraction could actually be measured. This resulted in a more 
accurate mass balance for how much protein actually transferred into the RM phase 
during FE, and hence another set of partition coefficients for the conventional 
extraction of humanized IgG4 B72.3 MAb Fab fragments based on percentage 
removals, [ ]%R , into each phase during FE ( [ ]%fR ), BE ( [ ]%bR ) and OE ( [ ]%oR ) 
was needed. Therefore a partition coefficient was determined experimentally for each 
of these aqueous/RM systems, where similar equations for the partition coefficients 
to those using the extraction percentage, but using the percentage removals were 
created. New partition coefficients were needed as partition coefficients were not 
found for extractions into three phases, thus the equations needed to be modified 
and calculated based on partitioning into two phases even though the partitioning 
was found to be into three phases. Thus, for HFM module RM extraction of Fab 
fragments, the partition coefficient for FE ( fH ) of the protein into the RM phase was 
calculated using Equation (3.23), the partition coefficient for BE ( bH ) of the protein 
into the aqueous stripping phase was calculated using Equation (3.24) and the 
partition coefficient for OE ( oH ) of the protein into the RM phase and into the 
aqueous stripping phase was calculated using Equation (3.25), based on 
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conventional extraction. Where Equations (3.23), (3.24) and (3.25) were obtained 





























=           (3.25)  
 
Therefore, the partition coefficients from Equations (3.20), (3.21) and (3.22) were 
used to calculate the mass transfer rates for the RM extraction of cytochrome-c in the 
HFM module, and Equations (3.23), (3.24) and (3.25) were used to calculate those 
for the RM extraction of humanized IgG4 Fab fragments in the HFM module. 
 
3.13.3. CHOICE OF CHEMICAL EXTRACTION SYSTEM 
 
HFM module RM extraction using counter-current flow was investigated for 
cytochrome-c and humanized Fab fragments using AOT and HDEHP in isooctane. 
Cytochrome-c was tested to compare to similar work carried out in HFM modules by 
Dahuron (1987), and to assess the feasibility of such an extraction process. This was 
tested at the “optimal parameters” found for both polypeptides during conventional 
RM extraction with and without the addition of non-ionic and counterionic surfactants 
to the extraction processes. Mat (1994) in his work on the effect of protein on water 
transfer, and vice versa, in a non-dispersed stirred cell using AOT in isooctane found 
that the mass transfer of α-chymotrypsin was enhanced if the extraction was carried 
out with non-saturated RMs instead of saturated ones. He concluded that the α-
chymotrypsin mass transfer coefficient for non-saturated RMs was between one to 
four times faster than that for saturated ones; hence it was decided that the RMs 
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3.13.4. HFM MODULE EXTRACTION OF HORSE HEART 
CYTOCHROME-C USING ISOOCTANE WITH AND WITHOUT 
A COUNTERIONIC SURFACTANTS 
 
All extraction procedures were conducted as single experiments. 
 
3.13.4.1. Forward extraction: FE was performed by placing equal volumes 
(343 mL) of aqueous and RM solutions in Erlenmeyer flasks. Cytochrome-c (1 mg ml-
1) was placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution (PB 
pH 8.5). The RM solution consisted of 70 mM AOT in isooctane. At regular intervals 
up to 180 minutes, small quantities of aqueous and RM solution were sampled from 
the reservoirs using a pipette and analysed using appropriate procedures. 
 
3.13.4.2. Backward extraction: BE was performed by placing equal volumes 
(334.75 mL as the BE volume depends on how many samples were taken during FE) 
of fresh aqueous solution consisting of 90% 1 M KCl solution and 10% 0.1 M PPB 
(pH 10) and RM solution from the end of FE in Erlenmeyer flasks. At regular intervals 
up to 210 minutes, small quantities of aqueous and RM solution were sampled from 
the reservoirs using a pipette, and analysed using appropriate procedures. 
 
3.13.4.3. Backward extraction using a counterionic surfactant: BE 
was performed by placing equal volumes (334.75 mL) of fresh aqueous solution 
consisting of 90% 1 M KCl solution and 10% 0.1 M PPB (pH 10) and RM solution 
consisting of 94% RM phase taken after FE and 6% 52 mM of TOMAC in isooctane. 
At regular intervals up to 60 minutes, small quantities of aqueous and RM solution 
were sampled from the reservoirs using a pipette, and analysed using appropriate 
procedures. 
 
3.13.5. HFM MODULE EXTRACTION OF HUMANIZED IGG4 B72.3 
MAB FAB FRAGMENTS USING ISOOCTANE WITH AND 
WITHOUT THE ADDITION OF NON-IONIC AND 
COUNTERIONIC SURFACTANTS 
 
All extraction procedures were conducted as single experiments. 
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3.13.5.1. Forward extraction: FE was performed by placing equal volumes 
(343 mL) of aqueous and RM solutions in Erlenmeyer flasks. Fab fragments at 1 mg 
ml-1 were placed in a mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M buffer solution 
(AB pH 5 for AOT and PB pH 6 for HDEHP). The RM solution consisted of 25 mM 
AOT in isooctane and 6.25 or 25 mM HDEHP in isooctane. At regular intervals up to 
150 minutes, small quantities of aqueous and RM solution were sampled from the 
reservoirs using a pipette and analysed using appropriate procedures. 
 
3.13.5.2. Forward extraction using a non-ionic surfactant: The same 
procedure as in section 3.13.5.1. was used except that the RM phase consisted of 
90% AOT or HDEHP and 10% 25 mM of a non-ionic surfactant, Brij 30, in isooctane. 
 
3.13.5.3. Backward extraction: BE was performed by placing equal volumes 
(335.5 mL as the BE volume depends on how many samples were taken during FE) 
of fresh aqueous solution consisting of 90% 1 M KCl solution and 10% 0.1 M buffer 
solution at the required concentration and pH, and a RM solution from the end of FE 
in Erlenmeyer flasks. The conditions used were 1 M KCl/PPB (pH 8) and 1 M KCl/CB 
(pH 10) for AOT and HDEHP in isooctane. At regular intervals up to 150 minutes, 
small quantities of aqueous and RM solution were sampled from the reservoirs using 
a pipette and analysed using appropriate procedures. 
 
3.13.5.4. Backward extraction using a counterionic surfactant: The 
same procedure as in section 3.13.5.3. was used except that the RM phase 
consisted of 94% RM phase taken after FE and 6% 60 mM of TOMAC, mixed in 
isooctane, the conditions used were 1 M KCl/PPB (pH 8) for HDEHP and 1 M KCl/CB 
(pH 10) for AOT in isooctane, and extraction was carried out for 60 minutes. 
 
3.13.5.5. Forward extraction using two aqueous phases: FE was 
performed by placing equal volumes (343 mL) of two aqueous phases consisting of a 
mixture of 80% v/v 0.1 M NaCl and 20% 0.1 M PB (pH 6) in Erlenmeyer flasks. Fab 
fragments at 1 mg ml-1 was placed in the aqueous phase flowing inside the 
membrane lumen. At regular intervals up to 180 minutes, small quantities of the two 
aqueous solutions were sampled form the reservoirs using a pipette and analysed 
using appropriate procedures. 
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3.13.6. FLOWMETER AND PUMP CALIBRATION 
 
The flowmeters used to determine the flowrates during experimental runs contained 
a steel and a glass float, where both floats were calibrated. These figures are shown 
in APPENDIX D (Figure D.4 for DI water flowing inside the fibres and Figure D.5 for 
isooctane flowing outside the fibres).The flowmeters used to build the rig were 
verified by calibrating the flowmeter for DI water flowing inside the fibres (Figure D4 
in APPENDIX D) the resulting flowmeter calibration was used for the flowmeter 
readings of the aqueous solutions; flowmeter calibrations were also done for 
isooctane flowing outside the fibres (Figure D.5 in APPENDIX D) and used for AOT 
and HDEHP. The pumps were also calibrated for use at high flowrates off the scale 
of the flowmeters using the glass floats (Figure D.6 in APPENDIX D). For DI water 
flowing outside the fibres (Figure D.7 in APPENDIX D), where the resulting pump 
calibration was used for the pump readings of the RM solution for both AOT and 
HDEHP.  
 
Together, the flowmeter and pump calibration curves provided the necessary 
information to determine a wide range of flowrates both inside and outside the hollow 
fibres. Based on the flowmeter and pump calibrations the required flowmeter 
readings and pump speeds were determined for the chosen flowrates (i.e. 1.22 ml 
sec-1 for the feed aqueous solution, 2.08 ml sec-1 for the aqueous stripping solution, 
and 1.88 ml sec-1 for the RM solution). The choice of flowrates was based on 
previous work carried out by Hossain (2005), Cardoso et al. (1999) and D’Elia 
(1985), who found that having different flowrates for both aqueous and RM solutions 
during HFM module extraction worked well. Thus the flowrates used in this work for 
each solution were based on those used by Cardoso et al. (1999) using 73 ml min-1 
for the feed aqueous solution, 125 ml min-1 for the aqueous stripping solution, and 
113 ml min-1 for the organic solution. These were in the range of those used by D’Elia 
(1985) in her studies (between 60 and 720 ml min-1 for the aqueous solutions and 
flowrates between 90 and 600 ml min-1 for the organic solutions) and as these 
seemed to work well. Nonetheless, the predicted pump speeds were found to be 
irrelevant during the experiments due to the fact that the pressure gauges were 
continuously changed so as to maintain the chosen pressures to avoid emulsion 
formation. Because of this the pump speeds often needed tweaking so as to stabilise 
both the pressures and flowrates, and that is why the estimated pump speeds were 
used only as a guideline. Hence this is why the pump calibrations were done both 
inside and outside the fibres only for DI water. 




EXTRACTION OF HUMAN IGG4 MONOCLONAL 





The objective of this chapter was to determine whether RMs could extract human 
IgG4 MAbs (146.9 kDa), and if so, to study the effects of system parameters such as; 
pH, surfactant type (AOT and HDEHP) and concentration, and MAb concentration on 
both FE and BE to define the optimal extraction conditions. In addition, whether 
surfactant type influences extraction yield and if the MAb concentration affects the 
results obtained. Structural analysis was carried out to determine whether the MAb 
structure was affected by extraction and precipitate formation. Finally, the effect of 
water content on the size of RMs was studied in isooctane. Throughout this work, the 
two anionic surfactants used were AOT and HDEHP, where HDEHP was used to 
form a sodium bis(2-ethylhexyl)phosphate (NaDEHP) RM phase. All results 
presented here were from single experiments, with all analytical measurements being 
carried out in duplicate at least. Only “doubtful” data points were repeated several 
times, and an average value is presented. All experiments were carried out at 20 ± 2 
oC. 
 
4.2. FORWARD EXTRACTION 
  
Figure 4.1 shows the effect of AOT concentration on the FE ( fE ) of 0.05 mg ml-1 
human IgG4 with isooctane at pH 4-11; Figure 4.2 shows the effect of AOT 
concentration on FE ( fE ) of 1 mg ml-1 human IgG4 with isooctane at pH 5-7; Figure 
4.3 shows the effect of HDEHP concentration on the FE ( fE ) of 0.05 mg ml-1 human 
IgG4 with isooctane at pHs 8, 9 and 11; while Figure 4.4 shows the effect of HDEHP 
concentration on the FE ( fE ) of 1 mg ml-1 human IgG4 with isooctane at pH 5-8.  
 
                                                 
∗
 The work presented in this chapter is in preparation to be submitted for publication. Title: Extraction of Human IgG4 
Monoclonal Antibodies Using AOT- and HDEHP-Isooctane Reverse Micelles. 
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Figure 4.1:  Effect of AOT concentration on the FE of 0.05 mg ml-1 IgG4 at pHs 
4 ( ) and 5 ( ) AB, at pHs 6 ( ), 7 ( ) and 8 ( ) PB, and at pHs 9 
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Figure 4.2:  Effect of AOT concentration on the FE of 1 mg ml-1 IgG4 at pH 5 
( ) AB, and at pHs 6 ( ) and 7 ( ) PB with isooctane. 
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Figure 4.3:  Effect of HDEHP concentration on the FE of 0.05 mg ml-1 IgG4 at 
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Figure 4.4:  Effect of HDEHP concentration on the FE of 1 mg ml-1 IgG4 at pHs 
6 ( ), 7 ( ) and 8 ( ) PB with isooctane. 
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The lack of usable data in Figure 4.1 for AOT and Figure 4.3 for HDEHP was 
thought to be due to the small sample volumes, as well as the low IgG4 
concentration. This is why 1 mg ml-1 IgG4 was tested, using greater sample volumes 
and for a smaller range of pHs. In Figure 4.2, the FE decreased with increasing pH; 
at pH 6 and pH 7 the fE  mainly increased with increasing AOT concentration as 
positively charged regions were taken up by AOT, and the highest fE  of 99% was 
found at pH 5 and 50 mM AOT. These findings are overall in accordance with those 
found by Lan (2004) who studied the purification of whole IgG4 molecules using 
RMs. In Figure 4.4, the FE also decreased with increasing pH; at pH 6 and 7 the fE  
mainly increased with increasing HDEHP concentration as positively charged regions 
were taken up by anionic HDEHP. The highest fE  (92 to 99%) was at pH 6 at nearly 
all HDEHP concentrations between 50 and 1.56 mM, with the highest fE  (99%) at 
1.56 and 6.25 mM. These findings suggest that the FE of human IgG4 is successful 
using both surfactants with isooctane, where pH 5 is optimal with AOT and pH 6 with 
HDEHP. 
 
4.3. BACKWARD AND OVERALL EXTRACTION 
  
The effect of AOT concentration on the BE and OE ( bE  and oE ) of 0.05 mg ml-1 
human IgG4 is shown at FE pH 4-11 in Figure 4.5; the effect of AOT concentration 
on the BE and OE ( bE  and oE ) of 1 mg ml-1 human IgG4 with isooctane is shown at 
FE pH 5-7 in Figure 4.6; the effect of HDEHP concentration on the BE and OE ( bE  
and oE ) of 0.05 mg ml-1 human IgG4 with isooctane is shown at FE pH 4-11 in 
Figure 4.5; and the effect of HDEHP concentration on the BE and OE in Figure 4.7; 
and the effect of HDEHP concentration on the BE and OE ( bE  and oE ) of 1 mg ml-1 
human IgG4 with isooctane is shown at a FE pH 5-8 in Figure 4.8. BE was carried 
out at a pH>pI of IgG4 (pI=7.2-7.7) using PPB (pH 8) with isooctane. The BE 
parameters were the optimal BE parameters based on previous research (Kuo, 2005; 
Lan, 2004). 
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Figure 4.5:  Effect of AOT concentration on the BE using PPB at pH 8 of 0.05 
mg ml-1 IgG4, for a FE at pHs 4 ( ) and 5 ( ) AB, at pHs 7 ( ) and 
8 ( ) PB, and at pHs 9 ( ), 10 ( ) and 11 ( ) CB with isooctane 
and OE using PPB at pH 8 of 0.05 mg ml-1 IgG4, for a FE at pHs 4 
( ) and 5 ( ) AB, at pH 6 ( ) PB, and at pHs 9 ( ), 10 ( ) and 11 
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Figure 4.6:  Effect of AOT concentration on the BE using PPB at pH 8 of 1 mg 
ml-1 IgG4, for a FE at pH 5 ( ) AB, and at pHs 6 ( ) and 7 ( ) PB 
with isooctane and OE using PPB at pH 8 of 1 mg ml-1 IgG4, for a 
FE at pH 5 ( ) AB, and at pHs 6 ( ) and 7 ( ) PB with isooctane. 
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Figure 4.7:  Effect of HDEHP concentration on the BE of 0.05 mg ml-1 IgG4 
using PPB at pH 8, for a FE at pH 4 ( ) AB, at pHs 7 ( ) and 8 ( ) 
PB, and at pHs 9 ( ), 10 ( ) and 11 ( ) CB with isooctane and OE 
of 0.05 mg ml-1 IgG4 using PPB at pH 8, for a FE at pHs 4 ( ) and 
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Figure 4.8:  Effect of HDEHP concentration on the BE of 1 mg ml-1 IgG4 using 
PPB at pH 8, for a FE at pHs 6 ( ), 7 ( ) and 8 ( ) PB with 
isooctane and OE using PPB at pH 8 of 1 mg ml-1 IgG4, for a FE at 
pH 5 ( ) AB, and at pHs 6 ( ), 7 ( ) and 8 ( ) PB with isooctane. 
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Even though the oE  shown in Figure 4.6 were extremely low compared to those in 
Figure 4.5, the same general conclusions apply, they all showed that the results 
obtained for a FE at pH 6  seemed to be the best overall, achieving the highest oE  
(76% - 85%) in Figure 4.5. On the other hand, the bE  shown in Figure 4.6 were 
similar to those in Figure 4.5; the results obtained for a FE at pH 5 seemed generally 
the best, achieving an bE  ranging between 8 and 58%, and the highest bE  (58%) 
was found at 1 mg ml-1 (Figure 4.6) when a FE pH of 5 was used at an AOT 
concentration of 3.13 mM. These results for both the BE and OE yields with AOT 
agree with the results obtained by Gerhardt and Dungan (2002; 2004) of an 
“optimum” FE pH of 5.55 and Lan (2004) of approximately 6. The recovery yield was 
then found to be lower overall for all other FE pHs compared to the recovery 
generated at the optimum FE pH of 6, which was also observed by Lan (2004). Data 
in Figure 4.5 shows that at a FE pH of 9, a decrease in OE with increasing AOT 
concentrations from 6.25 to 25 mM is observed as the release of IgG4 became more 
difficult at high surfactant concentration; similar results were obtained by Ichikawa 
and Furusaki (1995), Lan (2004), and Naoe et al. (1996). Figure 4.6 also shows that 
BE and OE yields obtained for all FE pHs tend to increase with increasing AOT 
concentrations.  
 
On the other hand, Figure 4.7 shows that in order to achieve an bE  of 16 to 73%, FE 
pHs of 4, 7, 8, 9, 10 and 11 should be used with HDEHP concentrations of 1.56, 
6.25, 12.5 and 50 mM depending on the pH chosen. In contrast, Figure 4.8 shows 
generally better bE  compared to when a smaller IgG4 concentration (i.e. 0.05 mg ml-
1
 in Figure 4.7) was used, and in order to achieve high bE  (between 9 to 92%), a FE 
pH of 6 should be used with all HDEHP concentrations except 12.5 mM, where the 
highest bE  of 92% was found when a FE pH of 6 was used at an HDEHP 
concentration of 1.56 mM. Figure 4.7 also showed that in order to achieve an oE  of 
63 to 92%, FE pHs of 4, 5, 8 and 11 should be used with HDEHP concentrations of 
1.56, 6.25 and 12.5 mM depending on the pH chosen. On the other hand, Figure 4.8 
showed much lower oE  compared to when a smaller IgG4 concentration (i.e. 0.05 
mg ml-1 In Figure 4.7) was used. In order to achieve high oE  (between 1 to 4.5%), 
FE pHs of 5-8 should be used with all HDEHP concentrations except 6.25 mM 
depending on the pH chosen, where the highest oE  of 4.5% was found when a FE 
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pH of 8 was used at an HDEHP concentration of 3.13 mM. In the literature, there is 
no data on the use of the surfactant NaDEHP for the extraction of MAbs. Hu and 
Gulari (1996) studied protein extraction using a NaDEHP RM system, and achieved 
overall recoveries of 98% for cytochrome-c and 67% for α-chymotrypsin, which 
accords with the results (Figure 4.7), where OE yields up to 92% were achieved. 
From the results obtained, even though bE  and oE  were lower than the fE , 
reasonable results were obtained, suggesting that the BE of 1 mg ml-1 human IgG4 
can yield an bE  of up to 58% for AOT and 92% for HDEHP depending on the 
surfactant concentration and the pH chosen. 
 
4.4. PRECIPITATE FORMATION 
  
Extraction of human IgG4 using AOT resulted in the formation of a precipitate at the 
interface which was observed at low FE pHs (pHs 4 and 5), and at low protein 
transfers below the protein’s pI (pI=7.2-7.7 for human IgG4). No precipitation was 
observed when the FE pH was higher than the pI of IgG4, suggesting that precipitate 
formation may be due to a strong interaction between the protein and AOT head 
groups. Lan (2004) also found that precipitation decreased with increasing pH, and it 
is possible that the rate of precipitate formation at low pH is actually faster than at 
higher pHs. However, since no apparent precipitate was observed at the interface 
during FE for pH 6 and pH 7 (at 0.05 mg ml-1) and for pHs 6 to 11 (1 mg ml-1), it was 
assumed that the IgG4 removed from the aqueous phase during FE was transferred 
into the RM phase. In contrast, when extracting human IgG4, precipitate formation 
was observed at low FE pHs (at pHs 4-8 for 0.05 mg ml-1 and at pH 5 for 1 mg ml-1 
but only at high HDEHP concentrations of 25 and 50 mM), indicating that a larger 
percentage of the IgG4 removed from the aqueous phase was precipitated at the 
interface forming an IgG4-HDEHP complex. However, since no apparent precipitate 
was observed at the interface during FE for pH 9 and pH 11 (at 0.05 mg ml-1), and for 
pH 6 to 8 (at 1 mg ml-1), it was assumed that the IgG4 removed was transferred into 
the RM phase.   
 
Nonetheless, since all IgG4 in the RM phase (when using both AOT and HDEHP) 
was back extracted using the same stripping solution, and no significant precipitation 
was observed at the end of BE, regardless of the pH used during FE, this would 
suggest that any variations in the OE yields were likely to be caused by the RM 
phase containing slightly different IgG4 concentrations. This suggests that the OE 
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yield depends on the BE mechanism, which again is in accordance with Lan (2004). 
Similar findings were also observed by Mat (1994) during his research on protein 
extraction.  
 
Research carried out by Gerhardt and Dungan (2002; 2004) on the changes in 
microemulsion and protein structure in IgG-AOT-Brine-Isooctane systems, and on 
IgG’s time-dependent solubilisation into these microemulsions has shown that the 
presence of the large protein IgG within a W/O microemulsion phase lead to changes 
in phase structures as well as in phase behaviour, signalled by the emergence of a 
third, middle phase (i.e. a precipitate). Their results suggested that IgG precipitates 
are partially coated by surfactant shells, and that this precipitation is most likely a 
result of either denaturation in an unfavourable organic environment during the 
breakdown of the complex, or the unfolding of IgG in the microemulsion over time 
because of binding of surfactant to the protein surface. Kuo (2005) showed that AOT 
RMs worked well for the extraction of IgG4 when FE and BE were carried out on the 
same day, however, Lan (2004) showed that if several days were left between FE 
and BE, denaturation of IgG4 at low surfactant concentration occurred, and a 
precipitate formed. This is why for this work, both FE and BE were carried out on the 
same day so as not to leave the RM and aqueous phases contacting for too long, 
thus reducing the amount of precipitate formation at the interface. Nonetheless, the 
very low OE yields obtained for both surfactants with IgG4 at 1 mg ml-1 could also be 
due to: when calculating the percentage removal of IgG4 in the RM phase, the 
precipitate was included in the calculations, whether it was recovered or not. 
Therefore, the “true percentage removal” is in fact, the “calculated percentage 
removal” minus the “precipitate”. This question will be addressed later in this 
Chapter. 
 
4.5. WATER CONTENT AND ITS EFFECT ON THE SIZE OF 
REVERSE MICELLES 
 
The water content ( oW ) and radius of the water pool ( wpR ) after FE for 1 mg ml-1 
human IgG4 are shown in Table 4.1 at different pHs and AOT concentrations, and in 
Table 4.2 at different pHs and HDEHP concentrations. The wpR  and oW  in the RM 
phase after FE of HDEHP in isooctane against deionised water for different sample 
volumes and HDEHP concentrations is shown in Table 4.3.  
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Table 4.1:  oW  and wpR  in the isooctane RM phase after FE of 1 mg ml-1 IgG4 at 
different pHs and AOT concentrations. 
 
         
   AOT concentration [ mM ] 
               
         
pH   50 25 12.5 6.25 3.13 1.56 
                  
         
5 
 Wo 15.8 18.0 9.9 1.2 1.4 13.5 
 
 Rwp [ Å ] 28.4 31.7 19.2 5.7 6.1 24.8 
 
        
6 
 Wo 29.8 25.1 15.3 16.6 2.7 4.3 
 
 Rwp [ Å ] 50.1 42.8 27.6 29.6 8.0 10.5 
 
        
7 
 Wo 40.0 33.4 25.0 32.1 9.1 16.3 
  Rwp [ Å ] 66.2 55.6 42.6 53.6 17.9 29.2 
                  
 
Table 4.2:  oW  and wpR  in the isooctane RM phase after FE of 1 mg ml-1 IgG4 at 
different pHs and HDEHP concentrations, where the values marked 
as “-” were disregarded as the Karl Fischer Titrator was unable to 
read those samples. 
 
         
   HDEHP concentration [ mM ] 
               
         
pH   50 25 12.5 6.25 3.13 1.56 
                  
         
5 
 Wo - - - - - - 
 
 Rwp [ Å ] - - - - - - 
 
        
6 
 Wo 0.01 - - - - - 
 
 Rwp [ Å ] 3.9 - - - - - 
 
        
7 
 Wo - 0.04 0.05 0.05 4.6 2.0 
 
 Rwp [ Å ] - 4.0 4.0 4.0 11.1 7.0 
 
        
8 
 Wo 0.1 0.1 0.1 - 0.4 0.4 
 
 Rwp [ Å ] 4.0 4.0 4.0 - 4.5 4.5 
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Table 4.3:  oW  and wpR  in the RM phase after FE of HDEHP in isooctane 
against DI water (i.e. no antibody) for different sample volumes and 
HDEHP concentrations, where the values marked as “-” were 
disregarded as the Karl Fischer Titrator was unable to read those 
samples. 
 
         
   HDEHP concentration [ mM ] 
         
         
Sample [ mL ]   50 25 12.5 6.25 3.13 1.56 
         
         
0.005 
 Wo 0.01 0.01 0.01 0.01 0.01 0.01 
 
 Rwp [ Å ] 3.9 3.9 3.9 3.9 3.9 3.9 
 
        
0.0985 
 Wo 0.01 0.01 0.01 - 0.05 - 
 
 Rwp [ Å ] 3.9 3.9 3.9 - 4.0 - 
 
        
0.1 
 Wo 0.01 0.03 0.02 0.06 0.12 0.24 
 
 Rwp [ Å ] 3.9 3.9 3.9 4.0 4.1 4.3 
 
        
1.0 
 Wo 0.01 0.01 0.02 0.01 0.07 0.15 
 
 Rwp [ Å ] 3.9 3.9 3.9 3.9 4.0 4.1 
         
 
Past work has shown that for an AOT/isooctane/H2O system, the maximum oW  is 
around 60, and above this the transparent RM solution becomes a turbid emulsion, 
and phase separation may occur (Pérez de Ortiz and Stuckey, 2004). However, on 
the basis of geometric considerations, a oW  value of 28 corresponds to an effective 
hydrodynamic radius of approximately 55 Å, which is the size of an IgG molecule 
(Gerhardt and Dungan, 2004; Rosenqvist et al., 1987). 
 
Table 4.1 shows oW  values ranging from 1.2. to 40.0. All oW  values greater than 28 
suggest that the extracted IgG4 in these RM phases were encapsulated within a 
single RM. This was observed at pH 6 (at an AOT concentration of 50 mM) and at pH 
7 (at AOT concentrations of 6.25, 25 and 50 mM). In contrast, all oW  values below 28 
suggest that the extracted IgG4 was likely to be encapsulated via the aggregation of 
multiple RMs, and this is observed at pH 5 (at all AOT concentrations), at pH 6 (at all 
AOT concentrations below 50 mM), and at pH 7 (at AOT concentrations of 1.56, 3.13 
and 12.5 mM). An increase in oW  with increasing AOT concentration was also 
observed in Table 4.1; this suggests that at AOT concentrations above 12.5 mM, and 
Chapter 4 – Extraction of IgG4 MAbs using AOT- and HDEHP-Isooctane RMs 
 
 145 
at pHs closer to the pI of IgG4 (7.2-7.7), the IgG4 molecule was encapsulated by one 
RM. Table 4.2 shows oW  values ranging from 0.01 to 4.6, suggesting that the 
extracted IgG4 was most likely to be encapsulated via the aggregation of multiple 
RMs. The lack of values obtained in Table 4.2 are most probably due to the small 
size of the samples analysed since the RM samples were mostly isooctane which is 
0.00024% w/w (i.e. 2.4 mg/L of water in solvent). Hence these values were 
disregarded, and only the samples in which water was detected were used to 
calculate oW  values and the corresponding water pool radius ( wpR ). Nevertheless, in 
order to check the oW  and wpR  values of the HDEHP micelles, a FE without IgG4 
was carried out using deionised water as the aqueous phase and HDEHP at varying 
concentrations (between 1.56 to 50 mM) in isooctane as the RM phase. This is 
shown in Table 4.3, where samples of various volumes (between 0.005 and 1.0 mL) 
were analysed (triplicates). Various volumes were tested since the data in Table 4.2 
was obtained from samples of different volumes (0.005 mL for pH 5 at all HDEHP 
concentrations and pH 6 at 6.25, 3.13 and 1.56 mM HDEHP, 0.0985 mL for pH 6 at 
50, 25 and 12.5 mM HDEHP, and 0.1 mL for pHs 7 and 8 at all HDEHP 
concentrations). Table 4.3 shows that even though no antibody was present, the oW  
values (ranging from 0.01 to 0.24) and the corresponding wpR  were in the same 
range as those in Table 4.2. This confirmed the assumption that the extracted IgG4 
in the RM phase was most probably encapsulated via the aggregation of multiple 
RMs. 
 
These findings are in accordance with past research carried out by Mat (1994), 
where he studied the influence of protein and RM size on the extent of protein 
transfer, and found that in order for the protein to solubilise in the RMs, they need to 
be roughly the same size as the protein. Since protein transfer also occurs when the 
RM sizes are nominally smaller than the protein, this process might involve RM re-
aggregation to form larger RMs that are capable of solubilising the protein; thus 
concluding that the extent of protein transfer depended on the type of protein, salt 
concentration as well as pH. Pérez de Ortiz and Stuckey (2004) came to similar 
conclusions when examining the water solubilisation capacity, they found that micelle 
size depends on the salt type and concentration, solvent, surfactant type and 
concentration, and also temperature. The findings in this study are also in 
accordance with work carried out by Gerhardt and Dungan (2002; 2004) on the 
changes in microemulsion and protein structure in IgG-AOT-Brine-Isooctane 
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systems, and on the role of cluster formation in such systems. From their research, 
they found that cluster formation occurs more readily with higher surfactant or salt 
concentration, when the protein and droplet are comparable in size (Gerhardt and 
Dungan, 2004). They also found that since IgG partitions into the microemulsion 
droplets despite its large size, this may indicate the presence of hydrophobic 
interactions between protein and surfactant, which together with electrostatic forces 
drives the protein to reside in the microemulsion phase. Under conditions in which 
the protein cannot be solubilised within a single droplet, and at higher pH values, the 
protein-containing microemulsion formed was more stable (Gerhardt and Dungan, 
2002). 
 
4.6. STRUCTURAL ANALYSIS 
  
Two sets of optimal parameters, one per surfactant, based on the best extraction 
percentages for 1 mg ml-1 IgG4 were chosen to investigate the structure of human 
IgG4 MAbs using HPLC with a Protein A column, LabChip 90 capillary 
electrophoresis, gel permeation size exclusion chromatography (GP-HPLC) and 
isoelectric focusing (IEF). The optimal parameters were 1) using AB at pH 5 and 3.13 
mM AOT in isooctane for FE and using PPB at pH 8 for BE (as they gave an fE  of 
99%, and a bE  of 58%),  2) using PB at pH 6 and 1.56 mM HDEHP in isooctane for 
FE and using PPB at pH 8 for BE (as they gave a fE  of 99%, and a bE  of 92%). 
The experimental results are shown in APPENDIX E (Table E.1 for Protein A HPLC, 
Table E.2 for LabChip 90, Table E.3 for GP-HPLC, Figure E.1 and Table E.4 for 
IEF). 
 
Structural analysis of aqueous samples taken during the extraction processes (i.e. 
the aqueous sample before FE at 1 mg ml-1, and those after FE and BE) confirmed 
that the main issue did not seem to be the extraction itself, type of solvent, buffer 
type, pH or surfactant used, but the formation of precipitate at the interphase during 
FE. This prevented IgG4 from successfully transferring into the RM phase, confirming 
why neither Protein A HPLC or LabChip 90 was able to detect any IgG4 in the 
aqueous samples after BE. Thus precipitate formation needed to be investigated 
further. In addition, structural analysis showed that the initial aqueous samples at 1 
mg ml-1 IgG4 already had aggregates and/or impurities, suggesting that the IgG4 was 
not in good structural condition before extraction; this could have been due to the fact 
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that the samples were stored at –20 oC for over a year before structural analysis. 
Furthermore, HPLC using Protein A was found to be inconclusive due to binding 
problems; these observations are in accordance with those of Lan (2004), who also 
carried out AOT RM extraction of human IgG4 and used Protein A HPLC as a means 
to measure antibody concentration. He found that the purification of human IgG4 
using AOT RMs was not efficient due to the formation of an IgG4-AOT complex at 
the interface, and that practically all the IgG4 recovered from the RM phase lost its 
Fc site activity towards Protein A; he postulated that IgG4 underwent conformational 
change or denaturation due to the instantaneous contact with the organic 
environment (Lan, 2004).  
 
Finally, the Protein A HPLC concentrations calculated were found not to compare 
well to those from the UV-Spectrophotometer, as the IgG4 structure and possibly its 
binding site appeared to have been affected, probably caused by the fact that the 
samples were stored at –20 oC before analysis. This agrees with research carried out 
by Kuo (2005) on AOT RM extraction of IgG (from bovine serum), where he was only 
able to effectively measure antibody concentration using UV-Spectrophotometer 
analysis. He attempted Protein A HPLC analysis but found that the Protein A column 
did not generate reproducible results, and that the columns tested did not bind and 
separate antibodies as efficiently as demonstrated in the literature (Kuo, 2005). 
However, in this study, the GP-HPLC concentrations were found to compare pretty 
well to those from UV-Spectrophotometer, where the GP-HPLC concentrations were 
only marginally less than those obtained from the UV, implying that UV-




Comparison of FE and BE of 0.05 and 1 mg ml-1 human IgG4 under the same 
experimental conditions concluded that for both surfactants (AOT and HDEHP), 1 mg 
ml-1 generated a more stable and reliable, wider range of results; overall achieving 
high FE, good BE and low OE yields. The OE yield was found to decrease 
significantly with increasing initial IgG4 concentration, which would suggest that lower 
IgG4 concentrations enhance BE. The precipitate layer observed at the lower pHs 
during FE explained the low OE yields, causing the protein to remain stuck in the 
precipitate at the interface during extraction. Water content analysis for 1 mg ml-1 
human IgG4 revealed that the RMs formed using HDEHP were much smaller than 
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those using AOT. Structural analysis revealed that the most damaging affect on 
human IgG4 was the formation of a precipitate layer at the interphase during FE, 
which seemed to damage the IgG4 as well as trapping it in the precipitate layer. This 
confirmed that BE was not actually an issue at this stage as no precipitate was found 
to form during the BE process. Thus, the initial results for the extraction of 1 mg ml-1 
human IgG4 in isooctane using AOT and HDEHP RMs appear equally promising, 
suggesting that this novel extraction technique may have some potential. However, 
more work is needed to obtain commercially viable recoveries. The pressing issue at 
this stage appeared to be further investigation of precipitate formation during FE to 
try and find ways to prevent its formation. It would also be of interest to consider 
using Fab fragments instead of whole IgG4 molecules as their smaller size may 
facilitate their uptake into the RMs, and maybe even result in less precipitate 
formation. This was looked at in the next Chapter. 
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CHAPTER 5 
EXTRACTION OF HUMANIZED IGG4 B72.3 MAB FAB 
FRAGMENTS USING AOT-ISOOCTANE AND -CORN 




The objective of this chapter was to study the effects of system parameters, such as 
surfactant type and concentration, pH, and buffer type on both the FE and BE of 
humanized IgG4 B72.3 MAb Fab fragments (46.2 kDa). This was carried out in 
isooctane and corn oil in order to determine the optimal conditions to maximise 
extraction. To achieve faster BE a counterionic surfactant was added, and in 
addition, a non-ionic surfactant was added to reduce precipitate formation, enhance 
Fab fragment solubilisation capacity, increase its activity, and enhance its extraction 
(Chatterjee et al., 2006; Jarudilokkul, 2000; Paul and Mitra, 2006). Structural analysis 
was carried out to determine whether the Fab fragment was affected by the 
extraction process. In addition, the issue of precipitate formation at the interface was 
addressed by measuring the amount of Fab fragment trapped in the precipitate, and 
how its formation can be prevented. In addition, the effect of water content on the 
size of RMs was studied in both solvents. Finally, all results presented here were 
from single experiments, with all analytical measurements being carried out in 
duplicate at the minimum. All experiments were carried out at 20 ± 2 oC. 
 
5.2. FORWARD, BACKWARD AND OVERALL EXTRACTION 
 
Figure 5.1 shows the effect of AOT concentration on the fE  of humanized IgG4 Fab 
fragments with isooctane at pH 5-7; Figure 5.2 shows the same parameters with 
corn oil at pHs 5 and 6 (with and without the addition of (5%)1-hexanol), and pHs 7 
and 8 (with the addition of (5%)1-hexanol).  
 
                                                 
∗
 The work presented in this chapter is in preparation to be submitted for publication. Title: Extraction of IgG4 Fab 
Fragments Using AOT-Isooctane and -Corn Oil Reverse Micelles. 
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Figure 5.1:   Effect of AOT concentration on the FE of 1 mg ml-1 Fab fragments 
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Figure 5.2:   Effect of AOT concentration on the FE of 1 mg ml-1 Fab fragments 
at pH 5 ( ) AB, at pHs 6 ( ), 7 ( ) and 8 ( ) PB with hexanol, and 
at pH 5 ( ) AB and at pH 6 ( ) PB without hexanol, with corn oil. 
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Figure 5.3:   Effect of AOT concentration on the BE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB, and OE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB of 1 mg ml-1 Fab fragments, for a 
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Figure 5.4:   Effect of AOT concentration on the BE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB, and OE at pH 8 ( ) PPB, at pHs 
9 ( ), 10 ( ), and 11 ( ) CB of 1 mg ml-1 Fab fragments, for a FE 
at pH 6 PB with isooctane. 
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Figure 5.5:   Effect of AOT concentration on the BE ( ) and OE ( ) at pH 8 
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Figure 5.6:   Effect of AOT concentration on the BE at pHs 8 ( ), 9 ( ), 10 ( ) 
and 11 ( ) PPB with hexanol, at pHs 9 ( ), 10 ( ) and 11 ( ) CB 
with hexanol, and OE at pHs 8 ( ), 9 ( ), 10 ( ) and 11 ( ) PPB 
with hexanol, at pHs 9 ( ), 10 ( ) and 11 ( ) CB with hexanol, 
and at pH 11 ( ) CB without hexanol of 1 mg ml-1 Fab fragments, 
for a FE at pH 5 AB with corn oil. 
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Figure 5.7:   Effect of AOT concentration on the BE at pHs 9 ( ), 10 ( ) and 11 
( ) PPB with hexanol, at pHs 9 ( ), 10 ( ) and 11 ( ) CB with 
hexanol and at pH 11 ( ) CB without hexanol, and OE at pHs 9 
( ), 10 ( ) and 11 ( ) PPB with hexanol, at pHs 9 ( ), 10 ( ) and 
11 ( ) CB with hexanol, and at pH 11 ( ) CB without hexanol of 1 
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Figure 5.8:   Effect of AOT concentration on the BE at pHs 9 ( ), 10 ( ) and 11 
( ) CB with hexanol, and OE at pHs 9 ( ), 10 ( ) and 11 ( ) CB 
with hexanol of 1 mg ml-1 Fab fragments, for a FE at pH 7 PB with 
corn oil. 






3.13 6.25 12.5 25
























































Figure 5.9:   Effect of AOT concentration on the BE at pHs 10 ( ) and 11 ( ) 
CB with hexanol, and OE at pHs 10 ( ) and 11 ( ) CB with 
hexanol of 1 mg ml-1 Fab fragments, for a FE at pH 8 PB with corn 
oil. 
 
In Figure 5.1, the fE  decreased with increasing pH (pHs 6 and 7), and increased 
with increasing AOT concentration as positively charged regions were taken up by 
anionic AOT. The highest fE  at pH 5 was 95%, which was overall in accordance 
with similar studies carried out by Lan (2004). In Figure 5.2, the addition of hexanol 
to dissolve the AOT in corn oil generated a higher fE  than in its absence, the fE  
also decreased with increasing pH, and the highest fE  (90%) was again at pH 5 with 
the addition of (5%)1-hexanol.  
 
The effect of AOT concentration on the bE  and oE  of IgG4 Fab fragments with 
isooctane is shown at FE pH 5 in Figure 5.3, pH 6 in Figure 5.4, and pH 7 in Figure 
5.5. The effect of AOT concentration on the bE  and oE  of IgG4 Fab fragments with 
corn oil is shown at FE pH 5 in Figure 5.6, pH 6 in Figure 5.7, pH 7 in Figure 5.8, 
and pH 8 in Figure 5.9. BE was carried out at a pH<pI of Fab (8.21) using PPB (pH 
8) and at pHs>pI of Fab using CB (pH 9-11) with isooctane. BE was carried out at a 
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pH<pI and pHs>pI of Fab using PPB (pH 8-11), and at pHs>pI using CB (pH 9-11) 
with corn oil. 
 
In Figure 5.3, the bE  reached 98%, where the use of CB generated higher yielding 
and overall better data than PPB (using a t test calculator (http://www.graphpad.com, 
2009); the differences in the results in Figure 5.3 are statistically significantly 
different at the 95% confidence interval). However, the oE  was very low for all pHs 
(between 2 and 14%) where it increased with increasing AOT concentration. In 
Figure 5.4, the bE  was as high as 99%, where the CB generated better data 
(between 21 and 99%) than PPB (between 9 and 45%). However, the oE  was again 
low for all pHs, ranging between 3 and 12% when PPB was used compared to 
between 9 and 29% when CB was used.  
 
In Figure 5.5, the bE  was very low (between 1 and 22%), and the oE  was also very 
low (between 0.5 and 10%). Therefore FE at pH 5 (pH<pI) seemed to generally be 
the best (Figure 5.3). The recovery yield was then found to be lower overall for all 
other FE pHs (Figures 5.4 and 5.5) compared to the recovery yields generated at the 
“optimal” FE pH of 5 (Figure 5.3). In Figure 5.6, bE  were found to be generally 
much higher using CB, reaching 70%. The oE  was higher using CB than PPB with 
the exception of one set at pH 8 and 25 mM AOT as 82% was obtained. On the other 
hand, using CB generated the highest oE s of 35% at pH 10 with the addition of 
hexanol and 6.25 mM AOT, and even higher oE s of 66 and 54% when CB without 
the addition of hexanol and AOT concentrations of 1.56 and 3.13 mM were used, 
respectively.  
 
In Figure 5.7, bE s were again generally much higher using CB, reaching 76% at pH 
11 and 1.56 mM AOT. The oE  was also generally higher using CB than PPB with the 
exception of one set at pH 11 and 25 mM AOT, where a high of 66% was obtained. 
On the other hand, the highest oE  of 56% using CB at pH 11 was observed with the 
addition of hexanol and 25 mM AOT. In Figure 5.8, bE s between 0 and 34% were 
obtained. The oE  were similarly as good as the bE , with 25% using CB at pH 11 
(hexanol, 12.5 mM AOT). In Figure 5.9, bE s were between 1-23%. The oE  were 
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similarly as good if not better than the bE , reaching 58% using CB at pH 11 
(hexanol, 12.5 mM AOT).  
 
The difference in performance observed with different buffers throughout this thesis 
was not due to the ionic strength of the buffers used, as the buffers were calculated 
based on their required pH and ionic strength (see Chapter 3, section 3.2.1.), where 
the ionic strength of all buffers used was set at 0.1 M buffer solution (i.e. each buffer 
solution has 0.1 M Na+ ions meaning the ionic strength is 0.1 M). This suggests that 
the difference in performance with different buffers is due to pH alone.   
 
The pH of solution should affect the solubilisation characteristics of a protein primarily 
in the way in which it modifies the charge distribution over the protein surface. At 
pHs<pI (or point of zero net charge), a protein will take on a net positive charge, 
while at pHs>pI it will be negatively charged. Thus, if electrostatic interactions are the 
governing factor in solubilisation it should only be possible with anionic surfactants 
(such as AOT and HDEHP) at pHs<pI of the protein, where electrostatic interactions 
between the protein and surfactant head groups are favourable. At pHs>pI, 
electrostatic repulsion would inhibit protein solubilisation. The opposite effect would 
be anticipated in the case of cationic surfactants (such as TOMAC). Research on a 
range of surfactants, aqueous conditions, and proteins verify the importance of pH 
and electrostatic interaction between the protein surface charge and the surfactant 
head groups in protein transfer during FE (Brandani et al., 1993; Krei and Hustedt, 
1992; Kuboi et al., 1990; Nishiki et al., 1993). During BE, in order to recover the 
protein from RMs the pH of the stripping solution needs to be altered towards the pI, 
resulting in a reduction of the protein interaction with oppositely charged head 
groups. The extent of protein recovery from RMs increases with increasing pH for 
anionic surfactants, where the opposite is observed for cationic surfactants. Since 
hardly any work has been carried out on the effect of the protein RM solution’s pH on 
BE, or even the influence of using buffer on the FE or BE, in this thesis for the 
extraction of Fab fragments (pI 8.21), the use of AB (pH 5) and PB (pH 6-8) for FE 
and of PPB (pH 8-11) and CB (pH 9-11) for BE were investigated. 
 
Furthermore, for the work carried out on the extraction of all polypeptides in this 
thesis, the decision to set the ionic strength of all buffers used at 0.1 M together with 
which salts and buffers to use for FE and BE was made based on the review of the 
literature (see Chapter 2), specifically into the effect that system parameters such as 
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ionic strength and salt type have on FE and BE (sections 2.10.1. to 2.10.3.). From 
the literature (see Chapter 2), it was found that the ionic strength of the aqueous 
solution in contact with a RM phase affects protein partitioning, firstly by altering 
electrostatic interactions between the protein surface and the surfactant head groups 
by modification of the electrical double layers next to both the charged inner micelle 
wall, and the protein surface. Hence, an increase in the aqueous solution’s ionic 
strength results in a decrease of attraction between the protein and the surfactant 
head groups. Such an electrostatic screening effect is also responsible for reducing 
the surfactant head group repulsion leading to the formation of smaller RMs which 
can result in a decrease in protein solubilisation through the size exclusion effect.  
 
Secondly, another effect of ionic strength is to "salt out" the protein from the micelle 
phase due to the increased propensity of the ionic species to migrate to the micelle 
water pool, reduce the size of the RMs, and move the protein. Leodidis and Hatton 
(1989a) studied the selective solubilisation of cations in AOT/isooctane and found 
that the sodium cation was rejected to the aqueous phase, and replaced by cations 
with smaller hydrated radii such as K+, Rb+, and Cs+. They expected the divalent 
cations such Ca2+, Sr2+, and Ba2+ to be strongly drawn to the water pool because of 
the strong electrostatic interaction with surfactant head groups. Nonetheless, they 
found that the selectivity of these cations could not only be explained on the basis of 
the hydrated radius. They also made the observation that small hydrated cations 
were solubilised close to the surfactant head group, in turn decreasing the repulsion 
between negatively charged head groups, and thus forming smaller RMs. Hence, it 
was expected that the solubilisation of proteins decreases with decreasing RM size. 
Thus, they suggested that for FE, sodium and calcium salts appear to be preferable 
than potassium, rubidium, cesium, and strontium salts, as they promote the formation 
of larger water pools in the absence of protein. However for BE, in order to provide a 
size exclusion effect, potassium, rubidium, cesium, and strontium salts should be 
used. Kuo (2005), studied the effect of the major system parameters on the kinetics 
of antibody extraction and found that KCl solutions produce smaller RMs than that of 
NaCl, causing a reduction in the rate of protein mass transfer, where the interaction 
between proteins and surfactant head groups at the interface is an important 
phenomena resulting in protein transfer across the liquid-liquid interface.  
 
Finally, salt type is an important factor in determining the solubilisation characteristics 
of different proteins due to the specific and non-specific interactions with the protein 
or surfactant, which was verified by Luisi and co-workers (Leser et al., 1986; Luisi 
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and Laane, 1986; Meier et al., 1984). Nishiki et al. (1993) studied the effect of 
different types of chloride cations on the extraction of lysozyme and myoglobin into 
AOT/isooctane RMs, and found that the extent of the proteins extracted to the RM 
phase was affected by pH values, and pH ranges in which 100% extraction could be 
achieved differed depending on the proteins or the cations. The extraction of 
lysozyme was influenced by the concentration of K+ or Ba2+, but was almost 
independent of that of Na+ or Ca2+ whose ionic diameter is smaller than that of K+ and 
Ba2+. For the extraction of myoglobin, however, the effect of Ba2+ concentration was 
not significant. Their results suggested that the separation of the two proteins was 
possible by adjusting the pH and KCl concentration or BaCl2 concentration in the 
aqueous phase. From their water content measurements, the highest oW  was 
observed for NaCl, followed by CaCl2, KCl, and BaCl2, and was independent of pH of 
the solution, where the solubilisation of water was independent of pH and was higher 
for univalent and smaller cations.  
 
In addition, Andrews and Haywood (1994) studied the partitioning of two proteins 
(thaumatin and ribonuclease A) into AOT/isooctane RMs from an aqueous phase 
containing KCl, KBr, MgCl2 or NaCl. They observed that with changes in pH the 
protein solubilisation depended on the pI and net charge of the protein: the type of 
ions in the system affected protein solubilisation by causing electrostatic screening of 
the surfactant head groups and consequently hindering interactions between the 
protein and the surfactant. They found that the differences in the solubilisation curves 
with the three different salts could have been due to the relative sizes of the K+ and 
Na+ ions. The atomic radii of these ions are 1.33 and 0.97 Å, respectively. In general 
the smaller ions (Na+) produced less screening, hence allowing more protein to 
interact with and transfer into the micelles. On the other hand, the larger ions (K+) 
produced more electrostatic screening and hence less protein solubilisation than the 
smaller ions (Na+). They also found that thaumatin has a very high surface 
hydrophobicity which could influence the interactions between the protein and the 
surfactant molecules under certain conditions and hence determine partitioning 
behaviour; at high pH its solubilisation behaviour differed between NaCl and KCl 
systems. When comparing the behaviour of thaumatin in the systems with Na+ and 
K+ it appeared that the order by which the ions promote hydrophobic interactions 
followed the Hofmeister or lyotropic series (Mg2+ > Li+ > Na+ > K+ > NH4+). They 
suggested that since the Na+ ions are smaller than K+ ions, they allow thaumatin to 
be close to the surfactant surface with their hydrophobic region in the organic phase. 
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Therefore, in the case of hydrophobic proteins (e.g. thaumatin) the interaction of the 
protein with the surfactant and/or organic solvent was so strong that no effect of ionic 
strength was seen at some values of pH. On the other hand they found that 
increasing ionic strength decreased protein partition to the RM phase with proteins 
that did not have high surface hydrophobicities (e.g. ribonuclease A). Thus, their 
work demonstrated the importance of protein properties, and the effect of different 
salts on protein solubilisation behaviour. 
 
Marcozzi et al. (1991) studied the factors affecting the FE and BE of α-chymotrypsin 
in AOT/isooctane systems, using four salts, KCl, NaCl, LiCl and CaCl2. They found 
that protein transfer took place at the lowest ionic strengths with KCl followed by 
CaCl2, NaCl and LiCl, where the atomic radii of K+, Ca2+, Na+ and Li+ are 1.33, 0.99, 
0.97 and 0.68 Å, respectively, indicating that the size of the ions may also be 
important in this system. 
 
Furthermore, Kinugasa et al. (2003) investigated the effect of ion species in the 
aqueous phase on lysozyme extraction into an AOT/isooctane RM solution, and 
found that the extraction ratio of protein was greatly influenced by cations in the order 
of K+ < Rb+ < Cs+ < Na+ < Li+ for monovalent cations and Ba2+ < Sr2+ < Ca2+ for 
divalent ones. Furthermore, the order of influence in monovalent cations was 
inconsistent with the effect of the ionic size, where cations could be classified into 
water-structure forming ions and water-structure breaking ions based on the relative 
size of each ion’s hydrated ionic radius (Stokes radius). They found that hydration 
causes the weak electrostatic screening effect of small size ions, and that with the 
increase of atomic number, the hydrated ionic radius becomes smaller than the 
crystal ionic radius. Thus, Li+, Na+, Ca2+, Sr2+, and Ba2+ are water-structure forming 
ions since they have larger hydrated ionic radii than their crystal ion radii due to their 
smaller size and larger electric charge. This is compared to K+, Rb+, and Cs+ which 
are water-structure breaking ions due to their weak hydration force and their 
electrostatic screening effect attributed directly to their ionic sizes. They concluded 
that during FE, the rearrangement of the protein-surfactant complex at the interface 
happened according to a balance of electrostatic interactions between surfactant-
surfactant and protein-surfactant complexes. In fact, electrostatic screening of the 
surfactant head groups hinders interactions between the protein and the surfactant. 
Therefore, larger ions such as K+ causing more screening, result in less solubilisation 
than smaller ions such as Na+ (Andrews and Haywood, 1994).  
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On the other hand, for BE increases in pH are not enough to strip the protein out 
from RMs, which is also due to the size exclusion effect resulting from a decrease in 
the RM size (Dekker et al., 1987a; Goklen, 1986), implying that high salt 
concentrations and salts that form small RMs favour BE. Where it was found that 
most of the work reported in the literature used KCl solution (normally 1.0 M KCl 
together with a pH of approximately 7.5). Thus, due to the above findings on the 
effect of different salts on protein solubilisation behaviour 1 M KCl was used in all BE 
buffers (CB and PPB) and 0.1 M NaCl in all FE buffers (AB and PB) for the extraction 
of Fab fragments. Hence the differences in extraction yields observed throughout this 
thesis between buffers at both the same and different pHs can also be explained by 
the type of ions used, as these differ for example between CB which uses Na+ ions 
and PPB which uses K+ ions. The above discussion has shown that the type of ion 
used in the buffer will have an effect as each ion has a different ionic radius which 
will influence the radius of curvature as these ions interpolate themselves between 
the surfactant head groups.   
 
5.2.1. PRECIPITATE FORMATION 
 
The findings from Figures 5.1 to 5.9 suggest that both extraction processes were 
feasible using both solvents, reaching similar fE s at pH 5 and low AOT 
concentrations, and reasonable bE  even though they were lower with corn oil than 
with isooctane. However, the low OE yields obtained with both solvents were derived 
from calculating percentage removal of the humanized IgG4 Fab fragments in the 
RM phase, since the precipitate was included in the calculations, whether it was 
recovered or not; therefore, the “true percentage removal” is in fact, the “calculated 
percentage removal” minus the “precipitate”. Additionally, since a precipitate layer 
was only observed at the lower pHs (5 and 6) during FE, this would explain the low 
OE yields obtained, suggesting that protein could have remained trapped in the 
precipitate at the interphase during FE, where the formation of a precipitate under 
similar conditions was also observed by several researchers (Gerhardt and Dungan, 
2002, 2004; Kuo, 2005; Lan, 2004; Mat, 1994).  
 
In order to measure the amount of Fab fragments in the interphase precipitate layer 
buffer precipitation was carried out on two sets of optimal parameters (one using 
isooctane and one using corn oil) where a typical FE was executed. At the end the 
aqueous phases and interphase precipitate layer were diluted in a 1:1, 1:2, 1:3, 1:4 
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and 1:5 ratio of corresponding buffer to re-dissolve the precipitate into the aqueous 
phase, and the amount of Fab fragments in both the aqueous phase and the 
interphase precipitate layer were determined. The optimal parameters tested were 
chosen based on the results that generated the best FE yields, and are shown in 
Figure 5.10. Where Figure 5.10 shows the effect that the Fab fragments trapped in 
the interphase precipitate layer had on the fE  based on buffer precipitation, as well 
as the effect that the dilution volume had on fE . 
 
In Figure 5.10, only the results using isooctane are shown, as those using corn oil 
generated unusable data, probably due to its high viscosity, making it harder to re-
dilute the precipitate into the aqueous phase. The results indicated that the aqueous 
phases were subject to interferences caused by AOT or residual solvent, and this 
was manifest by a slight cloudiness observed after extraction and re-dilution with 
their corresponding precipitate layer. No matter what dilution factor was used, the re-
diluted samples were never as clear as before FE, which in turn affected the 
absorbances at 280 nm. This would partly explain the fluctuations of the fE  
depending on the re-dilution factor, hence confirming or at least suggesting that Fab 
fragments were getting trapped in the precipitate formed during FE.  
 
Thus, the precipitate was investigated using acetone precipitation with an additional 
ethanol wash step to measure the concentration of Fab fragments in the precipitate, 
and in the aqueous phases after FE and BE where a slight cloudiness was observed. 
The effect of acetone precipitation with an ethanol wash step, the influence of 
precipitate formation on the UV readings and whether it forms in the absence of Fab 
fragments or not, was investigated for FE by carrying out additional experiments 
(described in Chapter 3, section 3.11.6.). These experiments into the reliability of 
precipitation (the results of which are shown in APPENDIX F) indicated that 
(APPENDIX F: Figure F.1, Tables F.1 and F.2) on their own the two phases did not 
form a precipitate, and that shaking and centrifugation did not interfere with the UV 
readings. Furthermore (APPENDIX F: Figure F.2, Tables F.3 and F.4), the addition 
of Brij 30 seemed not to have an affect on the UV readings of interphase precipitate 
samples, but did for the aqueous samples after FE when isooctane was used 
compared to corn oil.  
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Figure 5.10:  Effect of Fab fragments trapped in the interphase precipitate 
layer on the FE based on buffer precipitation using different 
dilution volumes and AB at pH 5 and 25 mM AOT in isooctane 
( ). 
 
This implies that since absorbance was obtained in the absence of Fab fragments, 
the aqueous phases were subject to interference caused by the surfactants used or 
residual solvent present in the aqueous phase. This in turn affected the absorbance, 
implying that the Fab fragment concentrations predicted from the UV at 280 nm were 
incorrect and influenced by other solutes. The possible presence of solvent in the 
aqueous phase after FE causing the high absorbances was reinforced by the fact 
that the interphase precipitate samples had negligible absorbances because any 
residual solvent or surfactant were eliminated during acetone precipitation, and in the 
absence of Fab fragments no pellet formed. The transport of solvent into the 
aqueous phase could have occurred via the surfactants. As during shaking, minute 
amounts of solvent were getting stuck in the non-polar tails of the surfactant, before 
RMs formed, and thus transferring with the surfactants into the aqueous phase, 
which were not eliminated with centrifugation due to electrostatic forces keeping 
them together. This was manifest by the cloudiness observed in the aqueous phases. 
In addition (APPENDIX F: Figures F.3, F.4, F.5 and F.6, Table F.5), regardless of 
the pH used, all samples that had Fab fragments seemed to follow a similar trend, 
and all the interphase precipitate samples showed that Fab fragments were present. 
Also, it seemed that any interference caused by acetone or ethanol was negligible, 
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and the addition of Fab fragments seemed to overpower any absorbance due to the 
presence of these solutes. Thus it was concluded that the use of acetone 
precipitation with an ethanol wash step was an acceptable method for determining 
the amount of Fab fragments transferring into the precipitate at the interphase, and 
the cloudy aqueous phases. 
 
5.3. FORWARD, BACKWARD AND OVERALL EXTRACTION 
WITH AND WITHOUT THE ADDITION OF NON-IONIC 
AND COUNTERIONIC SURFACTANTS 
 
Acetone precipitation with an ethanol wash step was carried out on the interphase 
precipitate formed after FE, and on all the aqueous phases after FE and BE as slight 
cloudiness was observed. This enabled the concentration of Fab fragments to be 
measured by removing any interferences in these samples, and additional 
experiments (section 5.2.1. and APPENDIX F) indicated that the use of acetone and 
ethanol had a negligible effect on the Fab fragment concentrations. This enabled the 
true FE, BE and OE percentages to be measured in both solvents for four sets of 
optimal parameters (two for isooctane and two for corn oil) chosen from a 
comparison between the FE and BE yields in Figures 5.1 to 5.9. These were 
determined with and without the addition of a non-ionic surfactant (Brij 30) to FE, and 
a counterionic surfactant (TOMAC) to BE for 1 mg ml-1 IgG4 Fab fragments; these 
results are shown in Table 5.1, where for isooctane the CV  was ± 1.6% and for corn 
oil it was ± 0.2%. The effect of Brij 30 on the total FE removal ( fR ), the fR  into 
precipitate in the interface layer, and the fR  into the RM phase, of 1 mg ml-1 Fab 
fragments at pH 5 using AOT in isooctane is shown in Figure 5.11. Using a t test it 
was calculated that the differences in the results in Figure 5.11 were significant 
(95%). Furthermore, those data for 1 mg ml-1 Fab fragments at pHs 5 and 6 using 
AOT/(5%)1-hexanol in corn oil are shown in Figure 5.12, and the differences in these 
results were also significant (95%). 
 
The results obtained in Figures 5.11 and 5.12, and those in Table 5.1 under the 
same conditions, suggest that for FE the use of corn oil with (5%)1-hexanol PB at pH 
6 was generally much better than isooctane, achieving fR s between 56 and 65% 
compared to between 23 and 43% for isooctane.  
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Table 5.1: fR , bR  and oR  in both solvents with and without Brij 30 and TOMAC 
for 1 mg ml-1 IgG4 Fab fragments for the optimal parameters chosen 
based on their fE , bE  and oE  where precipitate was included 
whether it was recovered or not. 
 
              
 
ISOOCTANE 
              
FE: acetate pH 5 + 25 mM AOT  acetate pH 5 + 25 mM AOT 
BE: carbonate pH 10  potassium phosphate pH 8 
 
             
 
             
[%]: Ef Eb Eo Rf Rb Ro  Ef Eb Eo Rf Rb Ro 
 
             
Extraction 
             
 
             
 
             
Normal FE + 92 97 6 23 >100 >100  92 98 14 42 43 18 
normal BE 
             
 
             
Normal FE + 
   28 >100 66     43 60 26 
BE with TOMAC 
             
 
             
FE with Brij 30 + 
   36 >100 37     40 53 22 
normal BE 
             
 
             
FE with Brij 30 + 
   42 83 35     41 85 35 
BE with TOMAC 
             
 
             
              
 
CORN OIL + Hexanol 
              
FE: phosphate pH 6 + 3.125 mM AOT  acetate pH 5 + 12.5 mM AOT 
BE: carbonate pH 10  potassium phosphate pH 8 
 
             
 
             
[%]: Ef Eb Eo Rf Rb Ro  Ef Eb Eo Rf Rb Ro 
 
             
Extraction 
             
 
             
 
             
Normal FE + 66 71 11 60 32 19  26 30 48 30 86 26 
normal BE 
             
 
             
Normal FE + 
   62 22 13     19 >100 36 
BE with TOMAC 
             
 
             
FE with Brij 30 + 
   65 29 18     15 63 10 
normal BE 
             
 
             
FE with Brij 30 + 
   56 71 40     25 64 16 
BE with TOMAC 
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Figure 5.11:  Effect of non-ionic surfactant addition on the FE removal of Fab 
fragments at pH 5 AB and 25 mM AOT in isooctane for BE at pH 
10 CB: on the total fR  ( ), on fR  into precipitate in interface 
layer ( ), and on fR  into RM phase ( ); and at pH 5 AB and 25 
mM AOT in isooctane for BE at pH 8 PPB: on total fR  ( ), on fR  
into precipitate in interface layer ( ), and on fR  into RM phase 
( ). 
 
The results obtained in these Figures showed that some Fab fragments were 
transferred into the precipitate at the interface layer during FE. This in turn explains 
why the fR s obtained were up to 4 times less than the fE s originally calculated in 
Figures 5.1 and 5.2, since for the fE s the precipitate was included in the 
calculations, whether it was recovered or not, thus justifying the low oE  observed for 
the same parameters in Figures 5.3 and 5.4 for isooctane and in Figures 5.6 and 
5.7 for corn oil. Brij 30 was chosen to form mixed surfactant systems as it has been 
found to enhance solubilisation capacity, increasing enzyme activity and improving 
protein extraction. Work in this laboratory (Stuckey personal communication, 2008) 
had shown that the addition of a non-ionic surfactant (Brij 30) to an AOT isooctane 
system for the extraction of human IgG1, could improve IgG1 activity enabling good 
FE and BE yields between 80 and 90% to be obtained with almost no precipitation or 
cloudiness at the interface.  
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Figure 5.12:  Effect of non-ionic surfactant addition on the FE removal of Fab 
fragments using (5%)1-hexanol PB at pH 6 and 3.125 mM AOT in 
corn oil for BE at pH 10 CB: on total fR  ( ), on fR  into 
precipitate in interface layer ( ), and on fR  into RM phase ( ); 
and using (5%)1-hexanol AB at pH 5 and 12.5 mM AOT in corn oil 
for BE at pH 8 PPB: on total fR  ( ), on fR  into precipitate in 
interface layer ( ), and on fR  into RM phase ( ).  
 
This was not conclusively observed in Figures 5.11 and 5.12 and in Table 5.1 for 
both solvents as the presence or absence of Brij 30 in FE did not seem to greatly 
affect the results obtained, and no particular trend was obtained. 
 
Figure 5.13 shows the effect of TOMAC on the total BE removal ( bR ), the effect of 
Brij 30 and TOMAC on the total OE removal ( oR ), the oR  into the precipitate at the 
interface layer, and the oR  into the other phase, of 1 mg ml-1 Fab fragments at BE pH 
10 CB and pH 8 PPB for FE at pH 5 using AOT in isooctane. The differences in the 
results in Figure 5.13 are significant (95%). Figure 5.14 shows the same data as 
Figure 5.13, except at BE pH 10 CB for FE at pH 6 using AOT/(5%)1-hexanol in corn 
oil, and at BE pH 8 PPB for FE at pH 5 using AOT/(5%)1-hexanol in corn oil; the 
differences in the results in Figure 5.14 are all significant (95%).  
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Figure 5.13:  Effect of counterionic surfactant addition on the total bR  of Fab 
fragments into aqueous phase at pH 10 CB ( ) and at pH 8 PPB 
( ), and effect of non-ionic and counterionic surfactant addition 
on total oR  at BE pH 10 ( ) CB and pH 8 ( ) PPB, oR  into 
precipitate at the interface layer at BE pH 10 ( ) CB and pH 8 ( ) 
PPB, and oR  into other phase at BE pH 10 ( ) CB and pH 8 ( ) 
PPB, for FE at pH 5 AB and 25 mM AOT in isooctane. 
 
The results obtained in Figures 5.13 and 5.14, and those in Table 5.1 for the bR  in 
both solvents showed that for three sets of optimal parameters (the two in isooctane 
and the one in corn oil at BE pH 10), the addition of TOMAC to BE increased the BE 
yield, which agrees with Jarudilokkul (2000) who found that the addition of TOMAC to 
BE generated higher BE yields, and resulted in similar or higher protein activity 
recoveries. On the other hand for FE using 12.5 mM AOT/(5%)1-hexanol in corn oil 
at pH 5 AB and BE at pH 8 PPB, the addition of Brij 30 to FE and TOMAC to BE did 
not seem to have any positive effect. In fact, the highest total removal of Fab 
fragments was found to be in the absence of both Brij 30 for FE and TOMAC for BE 
(86%). In addition, in all cases no precipitate was observed or measured at the 
interphase after BE and the aqueous phase was found to be slightly cloudy, while 
when TOMAC was added to BE, the RM phase also became slightly cloudy.  
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Figure 5.14:  Effect of counterionic surfactant addition on the total bR  which 
all went into the aqueous phase of Fab fragments at pH 10 ( ) CB 
and at pH 8 ( ) PPB, and effect of non-ionic and counterionic 
surfactant addition on total oR  at BE pH 10 ( ) CB and pH 8 ( ) 
PPB, oR  into precipitate at the interface layer at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, and oR  into other phase at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, for FE using (5%)1-hexanol at pH 5 AB and 
12.5 mM AOT in corn oil for BE at pH 8 PPB and for FE using 
(5%)1-hexanol at pH 6 PB and 3.125 mM AOT in corn oil for BE at 
pH 10 CB. 
 
The results obtained for both bR  and oR  for all the parameters tested could not be 
compared to the bE  and oE  originally determined from Figures 5.3 and 5.4 for 
isooctane and from Figures 5.6 and 5.7 for corn oil as the bR  and oR  were based on 
the true fR  taking into account the amount of Fab fragments lost in the precipitate. 
From Figures 5.11 to 5.14 and Table 5.1, the true FE, BE and OE were found to be 
lower in some cases than those determined from Figures 5.1, 5.2, 5.3, 5.4, 5.6 and 
5.7, which was due to these extraction yields not taking into account the Fab lost in 
the precipitate during extraction. However, both solvents were found to be equally 
promising, and the highest extraction yields were observed in both cases when Brij 
30 was added to FE and TOMAC was added to BE. This resulted in a fR  of 41%, a 
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bR  of 85% and an oR  of 35% at FE pH 5 AB and 25 mM AOT in isooctane for BE at 
pH 8 PPB, and in a fR  of 56%, a bR  of 71% and an oR  of 40% at FE pH 6 PB and 
3.13 mM AOT/(5%)1-hexanol in corn oil for BE at pH 10 CB. 
 
5.4. WATER CONTENT AND SIZE OF REVERSE MICELLES 
 
The radius of the water pool ( wpR ) and water content ( oW ) in the RM phases after FE 
and at the chosen optimal parameters (from section 5.3.) are shown with isooctane in 
Table 5.2 and with corn oil in Table 5.3. A oW  value of 28 corresponds to an 
effective hydrodynamic radius of approximately 55 Å (the size of an IgG molecule), 
and the effective hydrodynamic radius of a humanized IgG4 Fab fragment is 
approximately 35 Å (with a standard deviation of 9.6 Å), which corresponds to a oW  
of approximately 18. Hence all oW  values greater than 18 suggest that the extracted 
IgG4 Fab fragments were encapsulated within a single RM. In contrast, all oW  values 
below 18 suggest that the extracted Fab fragments were likely to be encapsulated via 
the aggregation of multiple RMs.  
 
Table 5.2 shows oW s ranging from 0.9. to 34.2, and an increase in oW  with 
increasing AOT concentration, while the addition of Brij 30 to FE increased oW  
substantially. However, oW  after BE was substantially smaller than those observed 
after FE, where the addition of Brij 30 to FE resulted in smaller oW s in the RM phase 
after BE than when FE was carried out in its absence. This suggests that Brij 30 
affects the size of the RMs obtained after BE, where the buffer and pH used for BE 
was found to be irrelevant to the oW  values obtained. Also, the addition of TOMAC 
decreased the oW  values after BE when FE was carried out in the absence of Brij 30, 
and increased them in its presence, suggesting that the addition of both non-ionic 
and counterionic surfactants during the extraction process had an effect on oW . 
Table 5.3 shows oW  ranging from 0.5 to 50.3 with the addition of hexanol, and 13.1 
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Table 5.2:  oW  and wpR  in the isooctane RM phase after FE of 1 mg ml-1 Fab 
fragments at different pHs and AOT concentrations; and after FE at 
pH 5 and BE at pH 8 and pH 10 with and without Brij 30 and 
TOMAC at an AOT concentration of 25 mM. 
 
                 
   
AOT concentration [ mM ] 
               
         
pH 
  
50 25 12.5 6.25 3.13 1.56 
  
               
 
        
5 
 Wo 21.4 22.0 18.4 10.4 0.9 12.8 
 
 Rwp [ Å ] 37.1 38.0 32.5 20.0 5.2 23.8 
 
        
6 
 Wo 32.8 37.0 34.2 24.0 12.0 14.7 
 
 Rwp [ Å ] 54.8 61.3 56.9 41.2 22.6 26.6 
 
        
7 
 Wo 31.2 32.2 26.9 22.8 11.2 21.3 
 
 Rwp [ Å ] 52.3 53.9 45.7 39.3 21.2 36.9 
  
               
 
        
 
   
FE  FE  
 
 
   
without  with  
 
 
   
Brij 30  Brij 30  
 
 
   
       
 
 
   




AOT concentration [ 25 mM ] 
 
  
               
 
        
After FE at pH 5  
 Wo  8.7  22.6   
 
 Rwp [ Å ]  17.4  38.9   
 
        
After BE without 
 Wo  4.5  1.1   
TOMAC at pH 10 
 Rwp [ Å ]  10.9  5.6   
 
        
After BE with  
 Wo  3.0  2.0   
TOMAC at pH 10 
 Rwp [ Å ]  8.5  6.9   
 
        
After BE without 
 Wo  4.5  1.3   
TOMAC at pH 8 
 Rwp [ Å ]  10.8  6.0   
 
        
After BE with  
 Wo  2.9  2.7   
TOMAC at pH 8 
 Rwp [ Å ]  8.4  8.1   
  
               
 
The fact that RMs actually form in corn oil despite its high viscosity is interesting, 
even though viscosity may have possibly influenced RM formation, the surfactant 
concentration also had an effect. Nonetheless it remains unclear why viscosity 
should influence oW . In corn oil (Table 5.3) bigger RMs are formed at low surfactant 
concentrations, and the opposite is observed in isooctane (Table 5.2). 
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Table 5.3:  oW  and wpR  in the corn oil RM phase at different pHs and AOT 
concentrations after FE of 1 mg ml-1 Fab fragments with and without 
hexanol; and after FE and BE with and without Brij 30 and TOMAC. 
 
                  
  
AOT concentration [ mM ] 
                  
          
  
with Hexanol  without Hexanol 
                  
          
pH 
 
50 25 12.5 6.25 3.13 1.56 3.13 1.56 
 
                 
 
         
5 Wo 0.7 1.3 2.8 6.4 18.9 44.6 12.3 17.5 
 Rwp [ Å ] 4.9 6.0 8.2 18.9 33.2 73.1 22.9 31.0 
 
         
6 Wo 0.5 2.0 3.5 8.4 20.8 50.3 13.1 25.4 
 Rwp [ Å ] 4.7 6.9 9.3 16.9 36.1 81.9 24.2 43.3 
 
         
7 Wo  1.1 5.0 10.1 17.9 28.0   
 Rwp [ Å ]  5.6 11.7 19.6 31.6 47.2   
 
         
8 Wo  1.8 4.2 13.6 28.0    
 Rwp [ Å ]  6.8 10.4 25.0 47.4    
 
                 
 
            
 
 
















AOT concentration [ 3.13 mM ]  
 
 
                 
 
         
After FE at pH 6 Wo  8.6   13.0    
 Rwp [ Å ]  17.2   24.1    
 
         
After BE without Wo  5.2   10.2    
TOMAC at pH 10 Rwp [ Å ]  11.9   19.7    
 
         
After BE with Wo  38.3   31.9    
TOMAC at pH 10 Rwp [ Å ]  63.2   53.3    
 
                 
 
         
 
 
AOT concentration [ 12.5 mM ] 
  
 
                 
 
         
After FE at pH 5 Wo  30.8   7.1    
 Rwp [ Å ]  51.7   15.0    
 
         
After BE without Wo  2.0   2.8    
TOMAC at pH 8 Rwp [ Å ]  6.9   8.3    
 
         
After BE with Wo  7.4   10.6    
TOMAC at pH 8 Rwp [ Å ]  15.4   20.3    
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Furthermore, the addition of Brij 30 to FE had a different effect depending on whether 
FE was carried out using AB at pH 5 or PB at pH 6. Nonetheless, it did not seem to 
have any noticeable effect on oW  obtained after BE compared to when isooctane 
was used (Table 5.2). In contrast, the addition of TOMAC to BE had a different effect 
depending on whether CB or PPB was used; CB generated bigger oW s overall than 
PPB, compared to FE, where AB generated overall bigger oW  values than PB. 
Comparisons of Table 5.2 and Table 5.3 reveal that equally promising AOT RMs 
formed in both solvents after FE and BE, confirming that the extraction processes 
were successful with or without the addition of non-ionic and counterionic surfactants 
for the four sets of optimal parameters chosen. As before, these findings are in 
accordance with past research carried out by Mat (1994) using smaller proteins 
(cytochrome-c, α-chymotrypsin and trypsin). Other published results in the literature 
using smaller proteins (such as cytochrome-c, α-chymotrypsin, lysozyme and 
ribonuclease A) confirm these findings, also demonstrating that micelle size depends 
on the salt type and concentration, solvent, surfactant type and concentration, and 
also temperature (Dekker et al., 1991b; Hentsch et al., 1992; Jarudilokkul et al., 
2000c; Marcozzi et al., 1991). Again, the findings in this study are also in accordance 
with work carried out by Gerhardt and Dungan (2002; 2004) using bovine IgG. 
 
5.5. STRUCTURAL ANALYSIS 
  
Structural analysis of aqueous samples taken during the extraction processes at the 
chosen optimal parameters with and without the addition of non-ionic and 
counterionic surfactants, using LabChip 90 capillary electrophoresis, GP-HPLC and 
IEF confirmed that the native Fab fragments were not in good structural condition 
upon receipt as they were found to have formed fragments and/or impurities as well 
as aggregated. However, the main issue was not the extraction itself, the type of 
solvent, buffer salt, pH or surfactant used, but the formation of a precipitate at the 
interphase during FE (which also formed in the absence of Fab fragments). This 
often caused the Fab fragments to fragment and/or aggregate, and prevented them 
from successfully transferring into the RM phase (example results are shown in 
APPENDIX F: Tables F.7 to F.9 for LabChip 90 capillary electrophoresis, Tables 
F.10 and F.11 for GP-HPLC, Table F.12 and Figure F.18 for IEF). CD was tested 
and found not to be suited to the buffer conditions used, resulting in inconclusive 
noisy figures (the experimental results can be found in APPENDIX F: Figures F.7 to 
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F.14 and typical CD spectrums from literature in Figures F.15 to F.17). Protein G 
HPLC was also tested and found to be inconclusive due to binding problems, where 
the reliability of the concentrations determined were doubtful (the experimental 
results that gave peaks ≥ 10 mAU, because anything below is considered to be noise 




The true extraction yields of 1 mg ml-1 humanized Fab fragments were determined for 
AOT in isooctane and in corn oil for four sets of optimal parameters resulting in poor 
oE s of 6, 14, 11 and 48% depending on the parameters. Acetone precipitation 
revealed that the formation of a precipitate at the interphase during FE was the main 
issue, resulting in a substantial loss of Fab fragments. The use of both solvents 
resulted in equally good (or poor) extractions, achieving the highest extraction yields 
when Brij 30 and TOMAC were added to FE and BE, respectively; for isooctane (a 
fR  of 41%, a bR  of 85% and an oR  of 35%) when AB at pH 5 and 25 mM AOT for 
FE, and PPB at pH 8 for BE were used, and for corn oil (a fR  of 56%, a bR  of 71% 
and an oR  of 40%) when (5%)1-hexanol PB at pH 6 and 3.13 mM AOT for FE and 
CB at pH 10 for BE were used. Water content analysis of the RM phases after FE 
and BE, revealed that equally promising RMs were formed in both solvents, 
confirming that the extraction processes were successful with or without the addition 
of a non-ionic and a counterionic surfactant to FE and BE, respectively. Structural 
analysis indicated that the main issue was the formation of precipitate at the 
interphase during FE, often causing the Fab fragments to fragment and/or aggregate, 
thus preventing them from successfully transferring into the RM phase during FE, 
and that the Fab fragments were not in good structural condition upon receipt having 
formed fragments and/or impurities as well as aggregated. Thus, the initial results for 
the novel extraction of humanized IgG4 Fab fragments using AOT in corn oil show 
the feasibility of using a vegetable oil, and the acceptable overall extractions in 
isooctane may have some potential for being scaled-up, although more work is 
needed to obtain commercially viable recoveries. However it would be interesting to 
consider using a different surfactant to see whether extraction yields can be 
increased, and to see whether this would influence the formation of a precipitate at 
the interphase after FE. This was done in the next Chapter. 
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CHAPTER 6 
EXTRACTION OF HUMANIZED IGG4 B72.3 MAB FAB 
FRAGMENTS USING HDEHP-ISOOCTANE AND -CORN 




Given the interesting findings in Chapter 5 on the use of isooctane and corn oil for 
the extraction of humanized IgG4 B72.3 MAb Fab fragments (46.2 kDa) using AOT, it 
was of interest to explore the possibility of using another anionic surfactant HDEHP 
(which was used to form a NaDEHP RM phase). Very little work has been carried out 
on the use of HDEHP for the extraction of proteins using RMs compared to AOT. 
Previous work in Chapter 4 on the extraction of human IgG4 in isooctane using AOT 
and HDEHP RMs found both surfactants to be equally promising. Thus, the objective 
of this chapter was to study the effects of system parameters on both the FE and BE 
steps, with and without the addition of a non-ionic and a counterionic surfactant, 
using isooctane and corn oil for the extraction of humanized IgG4 B72.3 MAb Fab 
fragments. Structural analysis was also carried out where the effect of precipitation at 
the interface on antibody recovery was looked into by determining the amount of Fab 
fragments trapped in it, and investigating ways to prevent or reduce its formation. In 
addition, the effect of water content on the size of RMs was studied in both solvents. 
All results presented here were from single experiments, with all analytical 
measurements being carried out in duplicate at least. All experiments were carried 
out at 20 ± 2 oC. 
 
6.2. FORWARD, BACKWARD AND OVERALL EXTRACTION 
 
Figure 6.1 shows the effect of HDEHP concentration on the fE  of Fab fragments 
with isooctane at pH 5-8; and Figure 6.2 shows the same plot with corn oil at pH 5-8.  
                                                 
∗
 The work presented in this chapter is in preparation to be submitted for publication. Title: Extraction of IgG4 Fab 
Fragments Using HDEHP-Isooctane and -Corn Oil Reverse Micelles. 
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Figure 6.1:  Effect of HDEHP concentration on the FE of 1 mg ml-1 Fab 
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Figure 6.2:  Effect of HDEHP concentration on the FE of 1 mg ml-1 Fab 
fragments at pH 5 ( ) AB, and at pHs 6 ( ), 7 ( ) and 8 ( ) PB 
with corn oil. 
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Figure 6.3:  Effect of HDEHP concentration on the BE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB, and OE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB of 1 mg ml-1 Fab fragments, for a 
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Figure 6.4:  Effect of HDEHP concentration on the BE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB, and OE at pH 8 ( ) PPB, and at 
pHs 9 ( ), 10 ( ), and 11 ( ) CB of 1 mg ml-1 Fab fragments, for a 
FE at pH 6 PB with isooctane. 
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Figure 6.5:  Effect of HDEHP concentration on the BE ( ) and OE ( ) at pH 8 
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Figure 6.6:  Effect of HDEHP concentration on the BE ( ) and OE ( ) at pH 8 
PPB of 1 mg ml-1 Fab fragments, for a FE at pH 8 PB with 
isooctane. 
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Figure 6.7:  Effect of HDEHP concentration on the BE at pHs 8 ( ), 9 ( ), 10 
( ) and 11 ( ) PPB, at pHs 10 ( ) and 11 ( ) CB, and OE at pHs 8 
( ), 9 ( ), 10 ( ) and 11 ( ) PPB, at pHs 9 ( ), 10 ( ) and 11 ( ) 
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Figure 6.8:  Effect of HDEHP concentration on the BE at pHs 8 ( ), 9 ( ), 10 
( ) and 11 ( ) PPB, at pHs 10 ( ) and 11 ( ) CB, and OE at pHs 8 
( ), 9 ( ), 10 ( ) and 11 ( ) PPB, at pHs 9 ( ), 10 ( ) and 11 ( ) 
CB of 1 mg ml-1 Fab fragments, for a FE at pH 6 PB with corn oil. 
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Figure 6.9:  Effect of HDEHP concentration on the BE at pHs 10 ( ) and 11 
( ) CB, and OE at pHs 9 ( ), 10 ( ) and 11 ( ) CB of 1 mg ml-1 
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Figure 6.10:  Effect of HDEHP concentration on the BE at pHs 10 ( ) and 11 
( ) CB, and OE at pHs 9 ( ), 10 ( ) and 11 ( ) CB of 1 mg ml-1 
Fab fragments, for a FE at pH 8 PB with corn oil. 
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In Figure 6.1, the fE  decreased with increasing pH, with the highest fE  at pH 5 (71 
to 91% between 1.56 and 50 mM), which agrees with data in Chapter 5 using AOT 
with isooctane (see section 5.2.), where the highest fE  were also found at pH 5 (90 
to 95% between 1.56 and 50 mM AOT). In Figure 6.2, the fE  increased with 
increasing HDEHP concentration for pHs 6-8. On the other hand, at pH 5, the fE  
decreased with increasing HDEHP concentration, which is contrary to that observed 
at pH 5 with isooctane (Figure 6.1); the highest fE  was at pH 8 (91 to 98% between 
6.25 and 25 mM HDEHP). The fact that overall the FE yields for HDEHP were high 
would suggest that it was NaCl independent, and that its concentration in the 
aqueous phase would not need to be altered as this would not affect the results 
obtained. However, the most promising pH overall, achieving good fE  for all HDEHP 
concentrations was actually pH 5, ranging from 72 to 90%. These extractions were 
found to be generally higher overall than those found in Chapter 5 using AOT with 
corn oil (see section 5.2.), where the highest fE s were found at pH 5 (between 26 
and 90%) reaching its highest of 90% at 1.56 mM AOT, which is also the highest fE  
(90%) for HDEHP at the same concentration and pH. 
 
The effect of HDEHP concentration on the bE  and oE  of Fab fragments with 
isooctane is shown at FE pH 5 in Figure 6.3, pH 6 in Figure 6.4, pH 7 in Figure 6.5, 
and pH 8 in Figure 6.6. The effect of HDEHP concentration on the bE  and oE  of 
Fab fragments with corn oil is shown at FE pH 5 in Figure 6.7, pH 6 in Figure 6.8, 
pH 7 in Figure 6.9, and pH 8 in Figure 6.10. BE was carried out at a pH<pI of Fab 
(8.21) using PPB (pH 8) and at pHs>pI of Fab using CB (pH 9-11) with isooctane. BE 
was carried out at a pH<pI and pHs>pI of Fab using PPB (pH 8-11), and at pHs>pI 
using CB (pH 9-11) with corn oil.  
 
In Figure 6.3, the bE  was as high as 85%, where the use of CB generated generally 
higher yielding and overall better data than PPB. However, the oE  was generally 
lower for all pHs (between 3 and 24%), where it generally increased with decreasing 
HDEHP concentration. In Figure 6.4, the bE  reached as high as 99.6%, where the 
use of CB generated higher yielding and overall better data (between 19 and 99.6%) 
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than PPB (between 33 and 99%). However, the oE  was again lower for all pHs, 
between 9 and 13% with PPB, compared to between 4 and 34% when CB was used. 
 
In Figure 6.5, the bE  was lower than that observed in Figures 6.3 and 6.4 under the 
same conditions, generating results between 9 and 21%, while the oE  was low 
(between 5 and 11%). In Figure 6.6, the bE  was lower than that observed in 
Figures 6.3 and 6.4, but higher than that observed in Figure 6.5 under the same 
conditions, generating results between 5 and 33%, while the oE  was better than in 
Figure 6.5 (between 11 and 20%). Based on Figure 6.1 and Figures 6.3 to 6.6, a 
FE pH 6 was found to be the highest yielding pH for Fab fragment extraction using 
isooctane at 6.25 mM HDEHP (pH<pI). These results are in accordance with those 
obtained by Lan (2004) who also reported an “ideal” FE pH of approximately 6 in his 
studies on IgG molecules with AOT. The recovery yield was lower overall for all other 
FE pHs (Figures 6.5 and 6.6) compared to those generated at the “ideal” FE pH of 6 
(Figure 6.4), which was also observed by Lan (2004).  
 
In Figure 6.7, the bE s were generally much higher using CB for lower HDEHP 
concentrations (between 1.56 and 6.25 mM), and higher using PPB for higher 
HDEHP concentrations (between 12.5 and 50 mM), reaching a high of 97% using 
PPB at pH 9, and 81% using CB at pH 10. The oE  was generally higher using CB 
rather than PPB, reaching a high of 65% at pH 11. In Figure 6.8, the bE  were 
generally much higher using CB for lower HDEHP concentrations (up to 6.25 mM), 
and higher using PPB for higher HDEHP concentrations (from 12.5 mM), reaching a 
high of 97% using PPB at pH 8 and an HDEHP concentration of 25 mM, and 90% 
using CB at pH 10 and an HDEHP concentration of 1.56 mM. The oE  was generally 
higher using CB than PPB, with the exception of two sets, at pH 10 and 11 and 
HDEHP concentration of 12.5 mM, an oE  of 17 and 16% were obtained, 
respectively. On the other hand, it reached its highest of 94% using CB at pH 10 and 
an HDEHP concentration of 25 mM.  
 
In Figure 6.9, bE s between 41 and 86% were obtained, while the oE s were good 
reaching highs of 68%. In Figure 6.10, bE s between 17 and 53% were obtained. 
The oE s were good reaching highs of 56%, where the oE s were always lower than 
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their corresponding bE s. Based on Figure 6.2 and Figures 6.7 to 6.10, FE pH 5 was 
found to be optimal for Fab fragment extraction using corn oil at an HDEHP 
concentration of 6.25 mM, and where BE was done using CB at pH 10, since at 
these conditions an fE  of 84% was observed with an bE  of 81%, which was 
generally better than when PPB was used. Nonetheless, these extractions with 
HDEHP in corn oil are higher than those obtained in Chapter 5 using AOT with corn 
oil (see section 5.2.), where a FE pH of 6 was the optimal pH with corn oil at 3.13 mM 
AOT, and where BE was done using CB at pH 10, since at these conditions an fE  of 
66% was observed with an bE  of 71%.       
 
6.2.1. PRECIPITATE FORMATION 
 
The findings from Figures 6.1 to 6.10, suggest that both extraction processes were 
feasible and moderately successful using both solvents, reaching similar fE  at pHs 
5 and 6, and a reasonable bE  even though they were slightly lower with corn oil than 
with isooctane. However, the OE yields obtained above with both solvents were 
derived from the removal of Fab fragments in the RM phase, since any precipitate 
was included in the calculations, whether it was recovered or not. Therefore, the “true 
percentage removal” is in fact, the “calculated percentage removal” minus the 
“precipitate”. Since, as in Chapter 5 using AOT (see section 5.2.1.), a precipitate 
layer was only observed at the lower pHs (5 and 6) during FE, this would explain the 
low OE yields obtained. Thus, as in Chapter 5 using AOT, further investigation into 
the analysis of the precipitate by means of buffer precipitation at two sets of optimal 
parameters (one using isooctane and one using corn oil) was carried out to 
determine the amount of Fab fragments in both the aqueous phase and the 
interphase precipitate layer at the end of a typical FE. This was done by re-diluting 
the aqueous phases and interphase precipitate layer in a 1:1, 1:2, 1:3, 1:4, 1:5 and 
1:6 ratio of corresponding buffer. The optimal parameters tested were chosen based 
on the results that generated the best FE yields. However, only one result using 
isooctane (at pH 6 PB and 6.25 mM HDEHP) was calculated at a 1:5 dilution (29%) 
as all the others using isooctane together with those using corn oil generated 
unusable data. This suggests that Fab fragments are probably getting stuck in the 
interphase precipitate layer, which would confirm the low OE percentages observed. 
Where, as in Chapter 5 using AOT (see section 5.2.1.) the following conclusions 
apply regarding the lack of data generated when using corn oil which could have 
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been due to it’s high viscosity resulting in it being harder to re-dilute the precipitate 
back into the aqueous phase as corn oil may still have been present in the interphase 
precipitate layer. This in turn suggests that the aqueous phases were subject to 
interferences caused by HDEHP or residual solvent present in the aqueous phase, 
visible by the slight cloudiness observed in the aqueous phases after extraction and 
re-dilution with their corresponding precipitate layer. No matter the dilution factor 
used, the re-diluted samples were never as clear as before FE, which in turn affected 
their absorbance at 280 nm. Therefore, if something is interfering with the UV 
measurements, this would partly explain the fluctuation of the fE  depending on the 
re-dilution factor, hence confirming or at least suggesting that Fab fragments were 
getting stuck in the precipitate formed during FE. Thus, further investigations into the 
formation of a precipitate was carried out by means of acetone precipitation with an 
additional ethanol wash step. 
 
The effect of acetone precipitation with an ethanol wash step, the influence of 
precipitate formation on the UV readings and whether it forms in the absence of Fab 
fragments or not, was investigated for FE by carrying out additional experiments for 
HDEHP (described in Chapter 3, section 3.11.6.) as was carried out for AOT in 
Chapter 5 (see section 5.2.1., where the bulk of the results as well as those in the 
case where AOT was used were shown in APPENDIX F). The findings of these 
additional experiments (the results of which are shown in APPENDIX G: Tables G.1 
to G.4 and Figures G.1 and G.2) are in accordance with those in Chapter 5 when 
using AOT (see section 5.2.1.). It was concluded that the use of acetone and ethanol 
had a negligible effect on the Fab fragment concentrations calculated from their 
absorbances at 280 nm, and hence that the use of acetone precipitation with an 
ethanol wash step is an acceptable method for determining the amount of Fab 
fragments transferring into the precipitate at the interphase, and for that present in 
the cloudy aqueous phases. 
 
6.3. FORWARD, BACKWARD AND OVERALL EXTRACTION 
WITH AND WITHOUT THE ADDITION OF NON-IONIC 
AND COUNTERIONIC SURFACTANTS 
 
As in Chapter 5 using AOT with isooctane and corn oil (see section 5.3.), acetone 
precipitation with an ethanol wash step was carried out on the precipitate which 
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formed at the interphase after FE, and on all the aqueous phases after FE and BE as 
slight cloudiness was observed. This step enabled the concentration of Fab 
fragments to be measured accurately by removing any interferences in these 
samples, and additional experiments on the reliability of this precipitation technique 
(section 6.2.1. and APPENDIX G) demonstrated that the use of acetone and ethanol 
had a negligible effect on Fab fragment concentrations calculated from their 
absorbances at 280 nm. This in turn, as in Chapter 5 using AOT with isooctane and 
corn oil (see section 5.3.), enabled the true FE, BE and OE percentages in both 
solvents for four sets of optimal parameters (two for isooctane and two for corn oil) 
chosen from a comparison between the FE and BE yields (since the OE yields were 
found to be generally low) from the results obtained in Figures 6.1 to 6.10, to be 
determined with and without the addition of a non-ionic surfactant (Brij 30) to FE, and 
a counterionic surfactant (TOMAC) to BE for 1 mg ml-1 Fab fragments. The results of 
which are shown in Table 6.1, where for isooctane the CV  was ± 1.6% and for corn 
oil it was ± 0.2 %. The effect of Brij 30 on the total FE removal ( fR ), the fR  into 
precipitate in the interface layer, and the fR  into the RM phase, of 1 mg ml-1 Fab 
fragments at pH 6 using HDEHP in isooctane is shown in Figure 6.11. It was 
calculated that the differences in the results in Figure 6.11 were statistically 
significant (95%). Furthermore, that results for 1 mg ml-1 Fab fragments at pHs 5 and 
6 using HDEHP in corn oil, shown in Figure 6.12, were also statistically significant 
(95%).  
 
The results obtained in Figures 6.11 and 6.12 and those in Table 6.1 for the fR  
when both solvents were used show that the addition of Brij 30 had no noticeable 
effect on the precipitation of Fab fragments, which was anticipated as Brij 30 is 
usually used with AOT RMs (see section 5.3. in Chapter 5 using AOT). The results 
obtained for both solvents were contrary to those when using AOT in isooctane; 
when HDEHP was used the addition of Brij 30 did not have any noticeable effect on 
the fR  into the RM phase. Therefore, for FE the use of isooctane with PB at pH 6 
was generally much better than corn oil, achieving an fR  between 43 and 68% for 
isooctane, compared to between 31 and 59% for corn oil, proving that these were in 
fact up to 3.1 times less than the fE  originally calculated in Figures 6.1 and 6.2, and 
thus somewhat justifying the low oE  observed for the same parameters in Figures 
6.3 and 6.4 for isooctane and in Figures 6.7 and 6.8 for corn oil.  
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Table 6.1:  fR , bR  and oR  in both solvents with and without Brij 30 and 
TOMAC for 1 mg ml-1 Fab fragments for the optimal parameters 
chosen based on their fE , bE  and oE  where precipitate was 
included whether it was recovered or not. 
 
              
 
ISOOCTANE 
              
FE: phosphate pH 6 + 6.25 mM HDEHP  phosphate pH 6 + 25 mM HDEHP 
BE: carbonate pH 10  potassium phosphate pH 8 
 
             
 
             
[%]: Ef Eb Eo Rf Rb Ro  Ef Eb Eo Rf Rb Ro 
 
             
Extraction 
             
 
             
 
             
Normal FE + 85 99.6 13 62 89 55  89 99 13 57 36 20 
normal BE 
             
 
             
Normal FE + 
   43 64 28     66 26 17 
BE with TOMAC 
             
 
             
FE with Brij 30 + 
   47 55 25     57 20 11 
normal BE 
             
 
             
FE with Brij 30 + 
   61 49 30     68 30 20 
BE with TOMAC 
             
 
             
 
             
 CORN OIL 
 
             
FE: acetate pH 5 + 6.25 mM HDEHP  phosphate pH 6 + 25 mM HDEHP 
BE: carbonate pH 10  potassium phosphate pH 8 
 
             
 
             
[%]: Ef Eb Eo Rf Rb Ro  Ef Eb Eo Rf Rb Ro 
 
             
Extraction 
             
 
             
 
             
Normal FE + 84 81 21 27 85 23  82 97 21 45 >100 >100 
normal BE 
             
 
             
Normal FE + 
   13 >100 16     57 59 34 
BE with TOMAC 
             
 
             
FE with Brij 30 + 
   32 >100 68     59 52 31 
normal BE 
             
 
             
FE with Brij 30 + 
   <0 <0 21     31 98 30 
BE with TOMAC 
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Figure 6.11:  Effect of non-ionic surfactant addition on the FE removal of Fab 
fragments at pH 6 PB and 6.25 mM HDEHP in isooctane for BE at 
pH 10 CB: on total fR  ( ), fR  into precipitate in interface layer 
( ), and fR  into RM phase ( ); and at pH 6 PB and 25 mM 
HDEHP in isooctane for BE at pH 8 PPB: on total fR  ( ), fR  into 
precipitate in interface layer ( ), and fR  into RM phase ( ). 
FE Brij30 for 
BE TOMAC
FE Brij30 for 
Normal BE
Normal FE for 
Normal BE






































Figure 6.12:  Effect of non-ionic surfactant addition on the FE removal of Fab 
fragments at pH 5 AB and 6.25 mM HDEHP in corn oil for BE at 
pH 10 CB: on total fR  ( ), fR  into precipitate in interface layer 
( ), and fR  into RM phase ( ); and at pH 6 PB and 25 mM 
HDEHP in corn oil for BE at pH 8 PPB: on total fR  ( ), fR  into 
precipitate in interface layer ( ), and fR  into RM phase ( ). 
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Figure 6.13:  Effect of counterionic surfactant addition on the total bR  of Fab 
fragments which all went into the aqueous phase at pH 10 ( ) CB 
and at pH 8 ( ) PPB, and effect of non-ionic and counterionic 
surfactant addition on total oR  at BE pH 10 ( ) CB and pH 8 ( ) 
PPB, oR  into precipitate at the interface layer at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, and oR  into other phase at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, for FE at pH 6 PB and 6.25 mM HDEHP for BE 
at pH 10 CB and for FE at pH 6 PB and 25 mM HDEHP in 
isooctane for BE at pH 8 PPB. 
 
Figure 6.13 shows the effect of TOMAC on the total BE removal ( bR ), the effect of 
Brij 30 and TOMAC on the total OE removal ( oR ), the oR  into the precipitate at the 
interface layer, and the oR  into the other phase, of 1 mg ml-1 Fab fragments at BE pH 
10 CB and pH 8 PPB for FE at pH 6 using HDEHP in isooctane. The differences in 
the results in Figure 6.13 were statistically significant (95%). Figure 6.14 shows the 
same as Figure 6.13 except at BE pH 10 CB for FE at pH 5 using HDEHP in corn oil, 
and at BE pH 8 PPB for FE at pH 6 using HDEHP in corn oil. Again, the differences 
in the results in Figure 6.14 were statistically significant (95%).  
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Figure 6.14:  Effect of counterionic surfactant addition on the total bR  which 
all went into the aqueous phase of Fab fragments at pH 10 ( ) CB 
and at pH 8 ( ) PPB, and effect of non-ionic and counterionic 
surfactant addition on total oR  at BE pH 10 ( ) CB and pH 8 ( ) 
PPB, oR  into precipitate at the interface layer at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, and oR  into other phase at BE pH 10 ( ) CB 
and pH 8 ( ) PPB, for FE at pH 5 AB and 6.25 mM HDEHP in corn 
oil for BE at pH 10 CB and for FE at pH 6 PB and 25 mM HDEHP in 
corn oil for BE at pH 8 PPB . 
 
The results obtained in Figures 6.13 and 6.14 and those in Table 6.1 for the same 
parameters, for the bR  in isooctane showed that the addition of Brij 30 to FE seemed 
to mainly decrease the removal of Fab fragments into the aqueous phase up to 1.8 
times. The exception to this for FE was using PB at pH 6 and 25 mM HDEHP in 
isooctane, and BE using PPB at pH 8 with TOMAC, where the addition of Brij 30 to 
FE increased the total removal 1.2 times. For FE using PB at pH 6 and 25 mM 
HDEHP in corn oil and BE using PPB at pH 8, the results showed that the addition of 
Brij 30 to FE and TOMAC to BE had a noticeable effect, resulting in much higher 
(98%) BEs than in the absence of TOMAC (52%) or Brij 30 (59%). In Figures 6.13 
and 6.14 the use of TOMAC with HDEHP only increased BE when PPB at pH 8 was 
used and Brij 30 was added to FE. The addition of TOMAC did not have the same 
effect when used with HDEHP as it did when used in Chapter 5 with AOT (see 
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section 5.3.). Unlike with AOT, the use of TOMAC with HDEHP only increased BE 
when PPB at pH 8 was used and Brij 30 was added to FE.  
 
The fact that TOMAC reacts with AOT and HDEHP differently could be due to the 
fact that when using AOT, BE is caused by the electrostatic interaction between 
oppositely charged AOT and TOMAC molecules, leading to a fast collapse of the 
RMs and a quick decrease of the water content in the RM phase, resulting in rapid 
partitioning of proteins into the aqueous phase (Jarudilokkul, 2000). Although the 
hydrophobic chains of NaDEHP and AOT are similar their polar headgroups are 
different. Hence, Luan and co-workers (2005; 2002) carried out comparative studies 
of AOT and NaDEHP, and studies on aggregation of these structurally similar 
surfactants, as even though the hydrophobic chains of NaDEHP and AOT are similar, 
the aggregation behaviour of the two surfactants in apolar media are very different. 
For example, with AOT, the RMs are spherical in shape and size increases with 
increase in water content ( oW ), while NaDEHP in heptane forms giant rod like 
micelles under extremely dry conditions. 
 
In fact, research by Li and co-workers (2000) showed by H-NMR spectroscopy that 
the addition of water to RM solutions does not significantly affect the chemical shift of 
other protons except H2O, and that the observed chemical shift results from the 
weighted average of different water species. Thus by plotting the variation of water 
proton magnetic resonance as a function of water content in the two systems (for 
AOT and NaDEHP RMs), they found that for both systems, the chemical shifts 
approach the value for bulk water (4.80 ppm) from opposite directions, where the 
chemical shift of water protons for AOT and NaDEHP RMs varied downfield and 
upfield, respectively, with an increase of the water content. The opposite shift 
directions with increasing water content are interpreted as due to a composition 
change of the solubilised water associated with head-groups and sodium counter-
ions in the RM systems. This suggests that TOMAC reacts very differently to HDEHP 
than to AOT. Furthermore, in all cases, with and without the addition of TOMAC, no 
precipitate was observed or measured at the interphase after BE, but the aqueous 
phase was found to be slightly cloudy. Additionally, the results obtained for both the 
bR  and oR , for all the parameters tested, could not be compared to the bE  and oE  
originally determined from Figure 6.4 for isooctane at the same parameters (i.e. an 
bE  of 99.6% with an oE  of 13% and an bE  of 99% with an oE  of 13%) and from 
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Figures 6.7 and 6.8 for corn oil at the same parameters (i.e. an bE  of 81% with an 
oE  of 21% and an bE  of 97% with an oE  of 21%) as the bR  and oR  were based on 
the fR  taking into account the amount of Fab fragments lost in the precipitate. 
 
Where the true percentage FE, BE and OE were found to be lower in some cases 
than those initially determined from Figures 6.1, 6.2, 6.4, 6.7 and 6.8 this suggests 
that the main issue is, as in Chapter 5 using AOT (see section 5.3.), the formation of 
a precipitate at the interface during FE resulting in loss of Fab fragments in the 
precipitate. This prevents their transfer to the RM phase, in turn affecting extraction 
yields. The use of HDEHP and AOT were equally promising, with AOT being best in 
corn oil, and HDEHP being best in isooctane. However, both solvents were equally 
promising, and the highest extraction yields were obtained at FE pH 6 PB and 6.25 
mM HDEHP in isooctane for BE at pH 10 CB, resulting in a fR  of 62%, a bR  of 89% 
and an oR  of 55%; and at FE pH 6 PB and 25 mM HDEHP in corn oil for BE at pH 8 
PPB with TOMAC, resulting in a fR  of 57%, a bR  of 59% and an oR  of 34%. 
 
6.4. WATER CONTENT AND ITS EFFECT ON REVERSE 
MICELLE SIZE 
 
The radius of the water pool ( wpR ) and water content ( oW ) in the RM phases after FE 
at different pHs and HDEHP concentrations, and after FE and BE with and without 
the addition of 25 mM Brij 30 and 60 mM TOMAC at different pHs and HDEHP 
concentrations at the chosen optimal parameters (from section 6.3.) for 1 mg ml-1 
Fab fragments are shown with isooctane in Table 6.2 and with corn oil in Table 6.3.  
 
The results showed oW  values ranging from 0.01 to 65.4 in isooctane (Table 6.2), 
and from 0.2 to 23.4 in corn oil (Table 6.3). A oW  value of approximately 18 
corresponds to the size of a humanized IgG4 Fab fragment (see section 5.4.). 
Therefore, all oW  values greater than 18 suggest that the extracted Fab fragments in 
these RM phases were encapsulated within a single RM. In contrast, all oW  values 
below 18 imply that the extracted Fab fragments in the RM phase were likely to be 
encapsulated via the aggregation of multiple RMs. 
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Table 6.2:  oW  and wpR  in the isooctane RM phase after FE, and after FE and BE 
with and without Brij 30 and TOMAC, all at different pHs and HDEHP 
concentrations, of 1 mg ml-1 Fab fragments, where the values 
marked as “-” were disregarded as the Karl Fischer Titrator was 
unable to read those samples. 
 
    
   
HDEHP concentration [ mM ] 
         
         
pH   50 25 12.5 6.25 3.13 1.56 
         
         
5 
 Wo 0.2 4.0 3.3 3.0 7.3 12.9 
 
 Rwp [ Å ] 4.3 10.1 8.9 8.6 15.1 23.9 
 
        
6 
 Wo 0.1 0.1 0.6 1.6 0.4 0.9 
 
 Rwp [ Å ] 4.1 4.0 4.8 6.4 4.5 5.3 
 
        
7 
 Wo 0.2 0.1 - - - 12.4 
 
 Rwp [ Å ] 4.2 4.0 - - - 23.1 
 
        
8 
 Wo 0.1 0.1 0.2 - - 0.9 
 
 Rwp [ Å ] 4.1 4.1 4.2 - - 5.2 
  
                
 
      
 
  
FE without  FE with  
 
   









HDEHP concentration [ 6.25 mM ]  
 
        
 
        
After FE at pH 6 
 Wo  8.7  1.2   
 
 Rwp [ Å ]  17.3  5.7   
 
        
After BE without  
 Wo  0.01  4.2   
TOMAC at pH 10 
 Rwp [ Å ]  3.9  10.5   
 
        
After BE with  
 Wo  11.7  9.0   
TOMAC at pH 10 
 Rwp [ Å ]  22.0  17.8   
 
             
 
    
 
  
HDEHP concentration [ 25 mM ]  
 
        
 
        
After FE at pH 6 
 Wo  65.4  15.3   
 
 Rwp [ Å ]  105.3  27.6   
 
        
After BE without  
 Wo  22.4  -   
TOMAC at pH 8 
 Rwp [ Å ]  38.6  -   
 
        
After BE with  
 Wo  12.9  8.9   
TOMAC at pH 8 
 Rwp [ Å ]  23.8  17.7   
 
        
Chapter 6 – Extraction of IgG4 Fab Fragments using HDEHP-Isooctane and –Corn Oil RMs 
 192 
Table 6.3:  oW  and wpR  in the corn oil RM phase after FE, and after FE and BE 
with and without Brij 30 and TOMAC, all at different pHs and HDEHP 
concentrations, of 1 mg ml-1 Fab fragments, where the values 
marked as “-” were disregarded as the Karl Fischer Titrator was 
unable to read those samples. 
 
    
   HDEHP concentration [ mM ] 
         
         
pH   50 25 12.5 6.25 3.13 1.56 
         
         
5 
 Wo 0.8 1.3 2.8 4.9 9.0 16.6 
 
 Rwp [ Å ] 5.1 5.9 8.2 11.5 17.8 29.7 
 
        
6 
 Wo 0.8 1.8 3.1 5.3 9.2 14.9 
 
 Rwp [ Å ] 5.2 6.7 8.7 12.1 18.1 27.0 
 
        
7 
 Wo  1.4 3.0 5.0 11.6 7.2 
 
 Rwp [ Å ]  6.0 8.5 11.6 21.9 15.0 
 
        
8 
 Wo  1.1 2.1 5.9 11.7 23.4 
  Rwp [ Å ]  5.7 7.2 13.0 22.1 40.2 
                 
       
   FE without  FE with 
 
    Brij 30  Brij 30  
 
    
 
    
 
Sample   HDEHP concentration [ 6.25 mM ] 
 
         
         
After FE at pH 5 
 Wo  6.9  6.8   
 
 Rwp [ Å ]  14.6  14.5   
 
        
After BE without 
 Wo  1.0  1.1   
 TOMAC at pH 10 
 Rwp [ Å ]  5.5  5.7   
 
        
After BE with  
 Wo  8.0  20.6   
TOMAC at pH 10 
 Rwp [ Å ]  16.2  35.8   
              
     
   
HDEHP concentration [ 25 mM ] 
 
         
         
After FE at pH 6 
 Wo  -  0.2   
 
 Rwp [ Å ]  -  4.2   
 
        
After BE without  
 Wo  0.3  -   
TOMAC at pH 8 
 Rwp [ Å ]  4.4  -   
 
        
After BE with  
 Wo  2.6  3.3   
TOMAC at pH 8 
 Rwp [ Å ]  7.9  9.0   
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By comparing the oW  values after FE in isooctane (Table 6.2) to those obtained 
under the same conditions and with the same parameters in Chapter 5 using AOT 
(see Table 5.2 from section 5.4.), the size of the internal water pool at different pHs 
and surfactant concentrations were bigger overall when AOT was used compared to 
HDEHP. This suggests that the Fab fragments were mainly encapsulated by one RM 
compared to when HDEHP was used where they were most likely to be 
encapsulated via the aggregation of multiple RMs.  
 
On the other hand, the oW  values after FE in corn oil (Table 6.3) increased with 
decreasing HDEHP concentration for all pHs (5-8), suggesting that at low HDEHP 
concentrations of 1.56 mM and at the pH closest (i.e. pH 8) to the pI of Fab 
fragments (8.21) it was encapsulated by one RM.  
 
In addition, HDEHP concentration also had an effect, where bigger RMs formed at 
low surfactant concentrations independent of which solvent was used. By comparing 
the oW  values after FE in corn oil (Table 6.3) to those obtained under the same 
conditions using AOT (see Table 5.3 from section 5.4.), even though smaller oW  
values were observed when HDEHP was used, the use of both surfactants in corn oil 
looks promising. However, the oW  values obtained after FE and BE when corn oil 
was used were generally smaller than when isooctane was used. Where the use of 
CB at pH 10 for BE generated overall bigger oW  values than the use of PPB at pH 8 
when isooctane was used, when corn oil was used the opposite was observed. 
Furthermore, the addition of Brij 30 to FE seemed to have the opposite effect when 
used in isooctane rather than in corn oil; it decreased oW  compared to when it was 
added to corn oil where it increased them. On the other hand, the addition of TOMAC 
to BE had a different effect depending on the parameters chosen, following no 
particular trend. Comparisons of oW  values obtained after FE and BE in both 
solvents (Tables 6.2 and 6.3), showed that HDEHP RMs formed in both solvents, 
where the extracted Fab fragments were either encapsulated within a single RM, or 
via the aggregation of multiple RMs depending on the parameters chosen. Both 
solvents were equally good, enabling the transfer of Fab fragments to take place with 
or without the addition of a non-ionic and a counterionic surfactant. 
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6.5. STRUCTURAL ANALYSIS 
  
Based on the results obtained, as found in Chapter 5 using AOT (see section 5.5.), 
structural analysis using LabChip 90 capillary electrophoresis, GP-HPLC and IEF 
were carried out on a variety of aqueous samples from both FE and BE (the results 
are shown in APPENDIX G). They showed that the native Fab fragments were not in 
good structural condition upon receipt as they had formed fragments and/or 
impurities as well as aggregated. The main problem reducing extraction appeared to 
be the formation of a precipitate during FE (which also formed in the absence of Fab 
fragments), which often caused them to fragment and/or aggregate, as well as 
preventing them from successfully transferring into the RM phase during FE (results 
are shown in APPENDIX G: Tables G.6 to G.9 for LabChip 90 capillary 
electrophoresis, Table G.10 for GP-HPLC, Table G.11 and Figure G.11 for IEF). 
Furthermore, as in Section 5.5., CD and Protein G HPLC were also carried out. 
However, CD was not suited to the buffer conditions used, resulting in inconclusive 
noisy figures (results in APPENDIX G: Figures G.3 to G.10). Protein G HPLC was 
also inconclusive due to binding problems, where the reliability of the concentrations 
determined were doubtful (the experimental results that gave peaks ≥10 mAU, as 
anything below is considered to be noise can be found in APPENDIX G: Table G.5), 




The extraction of humanized IgG4 Fab fragments using HDEHP was found to be 
possible in both solvents, with or without the addition of a non-ionic and a 
counterionic surfactant to the extraction process. The main issue was the formation 
of a precipitate at the interphase during FE, resulting in loss of Fab fragments in the 
precipitate and reducing the initial extraction yields. When this loss was not 
accounted for, FE yields of 85 or 86% with BE yields of 99.6 or 99% for isooctane 
were obtained, and FE yields of 84 or 82% with BE yields of 81 or 97% for corn oil 
depending on the parameters chosen. When this loss was accounted for, the 
extraction yields were reduced to a fR  of 62%, a bR  of 89% and an oR  of 55% for 
isooctane at FE pH 6 PB and 6.25 mM HDEHP and BE at pH 10 CB. For corn oil a 
fR  of 57%, a bR  of 59% and an oR  of 34% was obtained at FE pH 6 PB and 25 mM 
HDEHP and BE at pH 8 PPB with 60 mM TOMAC. Water content analysis of RM 
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phases after FE and BE revealed that equally promising RMs formed in both 
solvents, where the oW  values were influenced by viscosity and surfactant 
concentration, confirming that the extraction processes were successful with or 
without the addition of Brij 30 or TOMAC to FE and BE, respectively. Structural 
analysis indicated that the main issue, as in Chapter 5 for AOT (see section 5.6.), 
was the formation of a precipitate at the interphase during FE as it damaged  the Fab 
fragments, thus preventing them from successfully transferring into the RM phase 
during FE. It was found that the Fab fragments were not in good structural condition 
upon receipt. These initial results for Fab fragment extraction in both solvents using 
HDEHP RMs appear just as promising as those found in Chapter 5 for AOT. 
However, AOT was found to be better when using corn oil and HDEHP was found to 
be better when using isooctane. Given the relatively promising results obtained up to 
now, it became of interest to see if the RM systems studied could be operated 
continuously in a membrane unit, and whether this reduced or enhanced precipitation 
at the interface. Based on the constrained interface it was felt that the membrane 
modules may inhibit precipitation at the aqueous/water interface. 
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CHAPTER 7 
CONVENTIONAL AND HOLLOW FIBRE MEMBRANE 
MODULE EXTRACTION OF HORSE HEART 




The objective of this chapter was to study the effects of certain system parameters 
on the FE and BE of horse heart cytochrome-c using AOT and HDEHP RMs with two 
types of solvents (isooctane and corn oil) to determine the optimal conditions, and 
use a counterionic surfactant (TOMAC) to try and increase BE yields. The feasibility 
of carrying out RM extraction in a HFM of cytochrome-c using isooctane was 
investigated for AOT, with and without the addition of TOMAC, and mass transfer 
rates were determined when possible. Water content of the RM phases was 
measured for both extraction methods to estimate the size of the RMs, to establish 
how cytochrome-c was solubilised within the RMs. All results presented here were 
from single experiments, with all analytical measurements being carried out in 
duplicate at the minimum. All experiments were carried out at 20 ± 2 oC. 
 
7.2. CONVENTIONAL FORWARD, BACKWARD AND 
OVERALL EXTRACTION 
 
To date, a number of studies have been carried out on the extraction of cytochrome-c 
using AOT RMs (Adachi and Harada, 1993; Brochette et al., 1988; Huruguen et al., 
1991; Jarudilokkul, 2000; Jarudilokkul et al., 1999b), but to our knowledge very little 
work has been carried out on the use of NaDEHP for the extraction of cytochrome-c 
(Hu and Gulari, 1996). Figure 7.1 shows the effect of AOT concentration on the fE  
of cytochrome-c with isooctane at pHs 8, 8.5 and 9, while Figure 7.2 shows the 
same plot with corn oil at pH 7-11(with (5%)1-hexanol). Finally Figure 7.3 shows the 
effect of HDEHP concentration on the fE  of cytochrome-c with corn oil at pHs 7-9. 
 
                                                 
∗
 The work presented in this chapter is in preparation to be submitted for publication. Title: Conventional and Hollow 
Fibre Membrane Module Extraction of Cytochrome-c Using Reverse Micelles. 
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The results obtained in Figure 7.1 show that even thought the fE s for all pHs are 
similar and sometimes close (ranging between 64 and 80%). pH 8.5 can be seen to 
give slightly higher yields than pHs 8 and 9, and these differences in the results in 
Figure 7.1 are statistically significant (95%), with the highest extraction yields 
observed at 65 and 70 mM. This is overall in accordance with similar work carried out 
by Jarudilokkul (2000), who found that the optimum conditions for FE of cytochrome-
c were 65 mM AOT, 0.07 M NaCl and pH 8.4. The main difference between this 
study and the work carried out by Jarudilokkul (2000), is that all aqueous samples in 
this study were analysed in the UV at 400 nm and not at 350-450 nm as Jarudilokkul 
did (2000). This was decided on as scans of 1 mg ml-1 cytochrome-c in a PB solution 
at pH 7 between 190 and 590 nm revealed that cytochrome-c had an absorbance 
peak at about 400 nm, and not at 350 or 450 nm (see section 3.5.2. and Figure A.2 
in APPENDIX A). Nonetheless, the results obtained in this study were in accordance 

































Figure 7.1:  Effect of AOT concentration on the FE of 1 mg ml-1 cytochrome-c 
at pHs 8 ( ) and 8.5 ( ) PB, and at pH 9 ( ) CB with isooctane. 
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Figure 7.2:  Effect of AOT concentration on the FE of 1 mg ml-1 cytochrome-c 
at pHs 7 ( ) and 8 ( ) PB with hexanol, and at pHs 9 ( ), 10 ( ) 
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Figure 7.3:  Effect of HDEHP concentration on the FE of 1 mg ml-1 




Chapter 7 – Conventional and HFM Module Extraction of Cytochrome-c using RMs 
 199 
The lack of usable data in Figure 7.2 at pHs 10 and 11 suggests that the pHs tested 
were too high, and that pHs below the pI of cytochrome-c (10.6) are favourable. It 
seemed that generally the FE yield increased with decreasing AOT concentration, 
suggesting AOT concentrations at or below 6.25 mM are better. pH 7 seemed to be 
the best overall, generating FE yields between 3 and 15% compared to pHs 8-11 
between 0 and 3%. Compared to Figures 7.2 where AOT was used, Figure 7.3 
showed that the use of HDEHP generated a wider range of usable data, and that the 
FE yields were much higher. Thus the extraction of cytochrome-c using HDEHP in 
corn oil is feasible and much better than AOT in corn oil, and equally as good as AOT 
in isooctane, reaching equally high fE  between 64 and 80% at 25 and 50 mM 
HDEHP at pHs 7 and 8 when corn oil was used. When AOT in isooctane was used 
high fE s between 64 and 80% at 50, 65 and 70 mM AOT at pHs 8 and 8.5 were 
obtained.  
 
The bE  of cytochrome-c with AOT in isooctane at a FE pH of 8 and 8.5 PB for a BE 
at pH 10 PPB, showed different relationships at different FE for all AOT 
concentrations. The bE  at a FE pH of 8 remained stable at 87% for all AOT 
concentrations, with the highest bE  at a FE pH of 8.5, where the BE yield increased 
with increasing AOT concentration from 88 to 90 and then 91% at 50, 65 and 70 mM, 
respectively. Therefore, these results are again overall in accordance with similar 
work carried out by Jarudilokkul (2000), who studied the extraction of cytochrome-c 
using RMs, and examined the relationship between the AOT concentration and the 
BE yields at different pHs. In his study, Jarudilokkul carried out a BE using the 
conventional method, and with 90% KCl solution and 10% PPB found that the 
optimum conditions for BE of cytochrome-c were 1 M KCl and at pH 10.   
 
The effect of AOT concentration on the bE  and oE  of cytochrome-c with corn oil is 
shown at FE pHs 7 and 8 (with (5%)1-hexanol) for BE at pH 10 PPB and CB in 
Figure 7.4, and for BE at pH 11 PPB and CB in Figure 7.5. The effect of HDEHP 
concentration on the bE  and oE  of cytochrome-c with corn oil is shown at FE pH 7-9 
for BE at pHs 10 and 11 CB in Figure 7.6.  
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Figure 7.4:   Effect of AOT concentration on the BE at pH 10 PPB for FE at pHs 
7 ( ), 8 ( ), 9 ( ), 10 ( ) and 11 ( ) with hexanol, at pH 10 CB for 
FE at pHs 7 ( ), 8 ( ), and 9 ( ) with hexanol, and OE at pH 10 
PPB for FE at pHs 7 ( ), 8 ( ), 9 ( ), 10 ( ) and 11 ( ) with 
hexanol, and at pH 10 CB for FE at pHs 7 ( ), 8 ( ), and 9 ( ) with 
hexanol, of 1 mg ml-1 cytochrome-c with corn oil. 
 
The use of CB was tested to see if it was better than PPB when extracting 
cytochrome-c using corn oil, as it had been found to be better using corn oil when 
extracting humanized IgG4 Fab fragments in Chapter 5 using AOT and Chapter 6 
using HDEHP. For AOT the highest true extraction yields for Fab fragments were 
obtained for FE at pH 6 PB and 3.13 mM AOT/(5%)1-hexanol with 10% 25 mM Brij 
30, and for BE at pH 10 CB with 60 mM TOMAC. These conditions gave a fR  of 
56%, a bR  of 71% and an oR  of 40%. For HDEHP the highest true extraction yields 
for Fab fragments were obtained for FE at pH 6 PB and 25 mM HDEHP in corn oil, 
and for BE at pH 8 PPB with 60 mM TOMAC, resulting in a fR  of 57%, a bR  of 59% 
and an oR  of 34%. 
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Figure 7.5:   Effect of AOT concentration on the BE at pH 11 PPB for FE at pHs 
7 ( ), 8 ( ), 9 ( ), 10 ( ) and 11 ( ) with hexanol, and at pH 11 
CB for FE at pHs 7 ( ), 8 ( ), and 9 ( ) with hexanol, and OE at 
pH 11 PPB for FE at pHs 7 ( ), 8 ( ), 9 ( ), 10 ( ) and 11 ( ) with 
hexanol, and at pH 11 CB for FE at pHs 7 ( ), 8 ( ), and 9 ( ) with 
hexanol, of 1 mg ml-1 cytochrome-c with corn oil. 
 
The results shown in Figures 7.4 and 7.5 demonstrate that the bE  and oE  show 
different relationships at different FE pHs and AOT concentrations, where the oE  
were practically identical to their corresponding bE , which could be because the fE  
was low. However, this observation is puzzling as the bE  and oE s observed ranged 
from 1 to 42%, which would indicate that cytochrome-c was present in the RMs at the 
end of FE, or that somehow the bE  and oE s obtained were in fact measures of a 
mixture of corn oil and interphase, as the interphases were quite pronounced during 
FE. Nonetheless, when PPB was used at pHs 10 and 11, some of the highest 
extraction percentages were found at the lower AOT concentrations, where 25 mM 
AOT was the best. On the other hand, when CB was used at pHs 10 and 11 lower 
bE  and oE s were observed at pHs 7 and 8 when 25 and 50 mM AOT was used, 
compared to when PPB was used at the same pHs.  
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Figure 7.6:   Effect of HDEHP concentration on the BE at pH 10 CB for FE at 
pHs 7 ( ), 8 ( ), and 9 ( ), and at pH 11 CB for FE at pHs 7 ( ), 8 
( ), and 9 ( ), and OE at pH 10 CB for FE at pHs 7 ( ), 8 ( ), and 
9 ( ), and at pH 11 CB for FE at pHs 7 ( ), 8 ( ), and 9 ( ), of 1 mg 
ml-1 cytochrome-c with corn oil. 
 
This suggests that for AOT in corn oil, a BE using PPB was best at pH 11, achieving 
the highest bE  and oE  of 56 and 55%, respectively, at 25 mM AOT, and that a BE 
using CB was best at pH 10, achieving the highest bE  and oE  of 41 and 42%, 
respectively, at 6.25 mM AOT. Nevertheless, for both buffers at pHs 10 and 11 no 
firm conclusion could be drawn on which BE pH was better as this was found to 
depend on AOT concentration and FE pH. 
 
In Figure 7.6, bE  and oE  show different relationships at different FE pHs and 
HDEHP concentrations, with the highest bE  and oE  at FE pH of 7, at 50 mM 
HDEHP for CB at pH 10 and at 25 mM HDEHP for CB at pH 11. For BE using CB at 
pHs 10 and 11 for all FE pHs (7-9), the use of CB at pH 11 was generally better and 
higher yielding than at pH 10. Figure 7.6 together with Figures 7.4 and 7.5 when 
AOT was used, show that the use of AOT or HDEHP in corn oil worked equally well 
for the BE and OE of cytochrome-c. Due to their similarity it is hard to conclude which 
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surfactant generates a better bE  and oE ; in this case the extraction percentages 
depended on the pH and surfactant concentration chosen. In addition, to our 
knowledge no work has been carried out on the use of NaDEHP for the extraction of 
cytochrome-c apart from that by Hu and Gulari (1996), thus resulting in very little data 
on the use of this surfactant for the extraction of cytochrome-c for comparison. 
However, HDEHP was chosen in comparison to AOT, since it has been used in the 
hydrometallurgical industry for metal extraction because of a short phase separation 
time, a very high recovery rate, and the easy recycle (Luan et al., 2002). Hu and 
Gulari (1996) studied protein extraction with this surfactant and achieved high overall 
recoveries of 98% for cytochrome-c and 67% for α-chymotrypsin, which is higher 
than that observed in this study, where for cytochrome-c, an oE  of up to 32% and an 
bE  of up to 81% were achieved (Figure 7.6).  
 
The difference in the results obtained for cytochrome-c in this work ( oE  of up to 32% 
and bE  of up to 81%) and those found by Hu and Gulari (1996) (98% overall 
recovery) could be due to several factors. Firstly, they used NaDEHP/isooctane/brine 
RM solutions compared to this study where the solvent used was corn oil. Secondly, 
they used different aqueous solutions (0.025 M tris(hydroxymethyl)aminomethane-
HCl and 0.2 M NaCl at pH 7-7.5) for FE and (0.1 M CaCl2 aqueous solution of neutral 
pH) for BE compared to this study (FE at pHs 7 and 8 PB and 9 CB, and BE at pHs 
10 and 11 CB). Finally, in their study they found that for α-chymotrypsin after phase 
separation of BE, a very thin layer of white precipitate formed at the interface which 
was probably a mixture of the surfactant and protein, and that this might have been 
the reason for the relatively low recovery rate of α-chymotrypsin (67%) compared to 
cytochrome-c (98%). In this study, the OE yields obtained were derived from the 
removal of cytochrome-c in the RM phase, since any precipitate was included in the 
calculations, whether it was recovered or not, which resulted in the low oE s (up to 
32%) obtained. Thus, the differences in extraction yields between this work and Hu 
and Gulari’s (1996) could be due to the difference in solvents, buffers and pHs used 
as well as precipitate formation, which was expected as different parameters and 
conditions were used. 
 
Since for the extraction of cytochrome-c using AOT in isooctane, FE at pH 8.5 PB 
and 70 mM AOT, with a BE at pH 10 PPB generated the best extraction yields ( fE  
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of 80%, bE  of 91%), these parameters were repeated adding a counterionic 
surfactant (TOMAC) to BE. This was to see if this would increase the BE yields 
(where these extraction procedures were conducted ten times). This resulted in an 
identical fE  of 81% to that originally found in Figure 7.1 at the same parameters 
(80%) indicating that FE was reproducible, and a higher bE  of 98% with TOMAC 
compared to 91% without TOMAC at the same parameters. The above results are 
summarised in Table 7.1. These results are in accordance with those of Jarudilokkul 
(2000), who found that the addition of TOMAC to BE increased BE; this is why the 
choice of adding 52 mM TOMAC to BE was originally implemented in this work. 
Thus, Jarudilokkul’s (2000) results are also shown in Table 7.1 for comparison.  
 
Table 7.1:  fE  and bE  with and without TOMAC for 1 mg ml-1 cytochrome-c 
using AOT in isooctane, compared to those found by Jarudilokkul 
(2000). 
 
           
 This Thesis   Jarudilokkul (2000) 
           





           
FE: PB pH 8.5 + 70 mM AOT  FE: PB pH 8.4 + 65 mM AOT 
BE: PPB pH 10  BE: PPB pH 10 
 
    
  
    
 
    
  
    [%]: Ef Eb  [%]: Ef Eb 
 
    
  
    
Extraction 
    
 Extraction 
    
 
    
  
    
 
    
  
    
Normal FE + 80 91  Normal FE + > 90 95 
normal BE 
    
 normal BE 
    
 
    
  
    
Normal FE + 
  
 Normal FE + 
  
BE with 52 mM 81 98  BE with 52 mM > 90 100 
TOMAC      TOMAC 
    
       
    
 
7.2.1. PRECIPITATE FORMATION 
 
As discussed in previous chapters, the “true percentage removal” is in fact, the 
“calculated percentage removal” minus the “precipitate” which was only observed 
during FE, explaining why some OE yields were low. For AOT in isooctane and corn 
oil the FE precipitate decreased with increasing pH, suggesting that since AOT and 
cytochrome-c have a tendency to form AOT-cytochrome-c complexes at the interface 
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at all AOT concentrations, it is possible that the rate of precipitate formation at low 
pH was actually faster than at higher pHs. Also that precipitate formation at the 
interface may be due to a strong interaction between the protein and AOT head 
groups. For HDEHP in corn oil the FE precipitate decreased with decreasing pHs, 
indicating that a larger percentage of the cytochrome-c removed from the aqueous 
phase precipitated at the interface forming a cytochrome-c-HDEHP complex, and 
that the lower the pH, the more efficiently cytochrome-c was being transferred. 
Finally, since in all cases no precipitation was observed at the end of BE regardless 
of the pH used, any variations in the OE yields were likely to be caused by the RM 
phase containing slightly different cytochrome-c concentrations, further implying that 
the OE yield depends on the BE mechanism. Similar findings were also observed by 
Mat (1994) during his research on protein extraction.  
 
7.3. WATER CONTENT AND ITS EFFECT ON REVERSE 
MICELLE SIZE 
 
The radius of the water pool ( wpR ) and water content ( oW ) in the isooctane RM 
phase after FE at different pHs and AOT concentrations, and after FE and BE for 1 
mg ml-1 cytochrome-c are shown in Table 7.2. The wpR  and oW  in the corn oil RM 
phase after FE at different pHs and AOT (with (5%)1-hexanol) concentrations, as 
well as at different pHs and HDEHP concentrations, for 1 mg ml-1 cytochrome-c are 
shown in Table 7.3. Since a oW  of 7 corresponds to a hydrodynamic radius of 
approximately 14.3 Å (see APPENDIX H), which is the size of horse heart 
cytochrome-c, all oW  values greater than 7 suggest that the extracted cytochrome-c 
in these RM phases was encapsulated within a single RM, and values below 7 
suggest that it was likely to be encapsulated via the aggregation of multiple RMs. The 
two sets of missing values in Table 7.2 (i.e. those marked as “-“) were caused by the 
fact that even at the minimal possible detectable sample size, the water content in 
the samples analysed was too high to be measured causing the Karl Fischer 
reagents to over titrate; so these were disregarded. The fact that the oW s in Table 
7.3 for AOT and HDEHP in corn oil were much lower than those in Table 7.2 for AOT 
in isooctane suggests that in isooctane, cytochrome-c was almost certainly extracted 
by encapsulation within a single RM. The fact that RMs formed in both solvents with 
both surfactants confirms that extraction is feasible as the cytochrome-c will have 
been extracted either within a single RM or via the aggregation of multiple RMs.  
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Table 7.2:  oW  and wpR  in the isooctane RM phase after FE of 1 mg ml-1 cytochrome-c as a function of pH (8, 8.5 and 9) and AOT 
concentration (50 to 70 mM); and after FE as a function of pH (8.5) and AOT concentration (70 mM) and BE with 52 mM 
TOMAC of 1 mg ml-1 cytochrome-c at pH 10 PPB, where the values marked as “-” were disregarded as the Karl Fischer 
Titrator was unable to read those samples. 
 
                      
   
AOT concentration [ mM ]     AOT concentration [ mM ] 
   
             
   
        
pH  
 
70 65 50  Sample   70 
    
                 
  
         
8  Wo 39.7 23.3 58.2  After FE at pH 8.5  Wo 37.6 
  Rwp [ Å ] 65.4 40.0 94.0    Rwp [ Å ] 62.2 
  
     
 
   
8.5  Wo 44.4 - 49.5  After BE with  Wo 1.9 
  Rwp [ Å ] 72.7 - 80.6  TOMAC at pH 10  Rwp [ Å ] 6.8 
  
     
 
   
9  Wo - 56.8 54.4      
  Rwp [ Å ] - 91.9 88.3      
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Table 7.3:  oW  and wpR  in the corn oil RM phase after FE of 1 mg ml-1 cytochrome-c as a function of pH (8-11) and AOT/HDEHP 
concentration (3.13 to 75 mM). 
 
                                      
   AOT concentration [ mM ]     HDEHP concentration [ mM ] 
                               
                   
pH   75 65 50 25 12.5 6.25 3.13  pH   50 25 12.5 6.25 3.13 
                                     
                   
7 
 Wo 0.5 1.0 1.0 2.2 3.2 9.6 17.2  7  Wo 0.2 0.2 0.8 1.4 6.2 
 
 Rwp [ Å ] 4.6 5.5 5.4 7.3 8.9 18.7 30.5    Rwp [ Å ] 4.2 4.2 5.1 6.0 13.6 
 
          
 
       
8 
 Wo 0.7 0.5 0.8 2.0 3.1 9.2 21.8  8  Wo 0.7 1.5 3.2 7.2 13.4 
 
 Rwp [ Å ] 5.0 4.6 5.2 7.0 8.8 18.1 37.6    Rwp [ Å ] 4.9 6.3 8.9 15.0 24.7 
 
          
 
       
9 
 Wo 0.6 0.6 0.7 1.9 3.4 5.5 16.2  9  Wo 1.1 2.0 3.5 4.7 7.8 
 
 Rwp [ Å ] 4.9 4.9 4.9 6.8 9.2 12.4 29.1    Rwp [ Å ] 5.6 7.0 9.3 11.2 16.0 
 
                  
10 
 Wo 0.6 0.8 0.7 1.4             
 
 Rwp [ Å ] 4.8 5.1 4.9 6.1             
 
                  
11 
 Wo 0.9 1.2 1.3 2.1             
 
 Rwp [ Å ] 5.2 5.7 6.0 7.1             
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7.4. HF MODULE - FORWARD, BACKWARD AND OVERALL 
EXTRACTION  
 
To date, some work has been carried out on the extraction of cytochrome-c using 
AOT-isooctane RMs in HF modules (Dahuron, 1987; Dahuron and Cussler, 1988). 
The difference in this work to their work, is that in this thesis a pre-fabricated module 
was used, containing a larger volume (16 ml lumen side and 25 ml shell side) and 
substantially more fibres (2300), with the key contribution being the addition of the 
counterionic surfactant TOMAC to BE for the extraction of cytochrome-c. Thus, as 
corn oil was too viscous for the module, the possible scale-up of HF module RM 
extraction of 1 mg ml-1 cytochrome-c using AOT in isooctane was investigated at the 
ideal parameters chosen from the conventional method with and without the addition 
of TOMAC to BE. Figure 7.7 shows the fE  of cytochrome-c with isooctane in the HF 
module at pH 8.5 in PB and 70 mM AOT over time. Complete extraction (100%) was 
achieved at 50 minutes (or 40 minutes with CV  (± 1.6%)), after which the fE  
stabilised resulting in higher fE  than in the conventional method (81%), probably 
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Figure 7.7:  FE of 1 mg ml-1 cytochrome-c in the HF module at pH 8.5 PB and 
70 mM AOT in isooctane ( ): flowrate of aqueous phase 1.16 ml 
sec-1 and RM phase 1.80 ml sec-1. 
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Figure 7.8:  BE ( ) and OE ( ) of 1 mg ml-1 cytochrome-c in the HF module at 
pH 10 PPB after FE at pH 8.5 PB and 70 mM AOT in isooctane: 







0 10 20 30 40 50 60 70



















































Figure 7.9:  BE ( ) and OE ( ) of 1 mg ml-1 cytochrome-c in the HFM module 
at pH 10 PPB with 52 mM TOMAC after FE at pH 8.5 PB and 70 
mM AOT in isooctane: flowrate of aqueous phase 1.67 ml sec-1 
and RM phase 1.29 ml sec-1. 
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The bE  and oE  in the HF module is shown using PPB at pH 10 in Figure 7.8, and 
for PPB at pH 10 with the addition of 52 mM TOMAC in Figure 7.9. The results from 
Figures 7.8 and 7.9 show that the bE  and oE  are basically identical, since complete 
extraction was achieved during FE. In Figure 7.8 for BE without TOMAC, the bE  
increased steadily up to 60 minutes reaching a high of 19%, after which it stabilised. 
These results show that HF module BE at 60 minutes was 4.8 times less than the 
conventional method. In Figure 7.9, the use of TOMAC for BE was investigated, 
where the extraction was stopped after 60 minutes as in Figure 7.8 that is when the 
BE stabilised. Figure 7.9 shows that with TOMAC, bE  increased steadily up to 60 
minutes reaching 40%, demonstrating that OE in the HF module at 60 minutes was 
2.5 times less than under the same conditions using the conventional method. On the 
other hand, the addition of TOMAC to BE doubled the bE  at 60 minutes, which is an 
improvement compared to the conventional method where the BE only slightly 
increased. However, this increase may have continued if the extraction was carried 
out longer than 60 minutes, nonetheless the results obtained reinforce the fact that 
the use of TOMAC substantially increased BE yields with time. 
 
Therefore, the data proves the feasibility of BE, where the lower bE  and oE  obtained 
with or without the addition of TOMAC (Figures 7.8 and 7.9) compared to the 
conventional method could have been due to two things. Firstly, the two phases were 
separated by the membrane compared to the conventional extraction method, where 
they are in direct contact, and secondly, that the two phases were not shaken to 
achieve extraction compared to the conventional extraction method. This should 
result in better extraction in the conventional method, due to turbulent droplets and a 
higher interfacial mass transfer rate leading to a faster and better mass transfer. 
Furthermore, the lower BE yields could be due to the decreased interfacial mass 
transfer area (the module used has an overall mass transfer area of 0.18 m2, a 
surface area per volume of 44 cm2 cm-3, a 40% porosity with an effective pore size of 
0.04 µm, further details are shown in Tables 3.4 and 3.5 in Chapter 3). The transfer 
of the protein from one phase to the other in a membrane device is similar to the 
conventional extraction method, the protein needs to diffuse to the interface through 
a stagnant boundary layer, cross the interface full of surfactant and then diffuse 
within the RM into the bulk phase away from the interface.  
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To compare the two extraction methods, the contact surface area per unit volume in 
the HF module extraction was 17.6 cm2 cm-3 according to Membrana GmbH 
(Germany) (personal communication, 2009). In order to calculate the mass transfer 
area per unit volume of liquid in a dispersed phase system, reasonable droplet sizes 
of 10, 100 and 500 microns in diameter were assumed. The two phases (solvent and 
aqueous) are dispersed into the other, so the number of droplets in the dispersed 
phase was calculated. This was then multiplied by the area of each droplet so as to 
determine the mass transfer area (in cm2). Finally, this surface area was divided by 
the volume of the two phases (cm3) to determine the mass transfer area per unit 
volume of liquid (in cm2 cm-3). This resulted in a contact surface area per unit volume 
in the conventional extraction method of 3000 cm2 cm-3 for 10 micron droplets, 300 
cm2 cm-3 for 100 micron droplets, and 62.5 cm2 cm-3 for 500 micron droplets . These 
values are much higher than in the membrane module (17.6 cm2 cm-3), which was 
expected. This confirms the hypothesis that the higher extraction yields obtained 
during conventional extraction, compared to HFM module extraction, were due to 
turbulent droplets and a higher interfacial mass transfer area leading to a faster and 
better mass transfer. 
 
This in turn suggests that optimal extraction conditions may differ when using the 
conventional compared to the membrane based extraction method. Since a stronger 
driving force in terms of pressure is used to promote liquid flow in the module, where 
the fibres are made of polypropylene, specially extruded to develop a well-
characterised porosity (40%) allowing the transport of the protein from inside the 
lumen of the fiber (aqueous phase) to the shell side outside the fiber (RM phase). 
Consequently, the use of a bigger HFM module to increase the surface area, and the 
increase of extraction time up to 48 hours to enable complete re-extraction, could 
improve the HFM module BE and OE yields, as direct extraction of therapeutic 
proteins from fermentation broth are often secreted over 24-48 hours.    
 
As throughout this thesis the HFM module was operated in re-circulation mode, and 
the flux of solute extracted, based on the effective surface area, was determined 










where N  is the flux based on the area of the contactor (mol/m2h), feedV  is the volume 
of the recirculating feed solution (mL), A  is the effective contactor area (m2), Ext  is 
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the time (h), initialc  and finalc  are the initial (at Ext =0) and final concentrations (at 
Ext = Ext ) in mol ml-1, of the solute in the reservoir respectively.  
 
Therefore, from Equation (7.1), the flux through the membrane for the FE of 
cytochrome-c shown in Figure 7.7 is N =0.74*10-3 mol/m2h, and the flux through the 
membrane for the BE of cytochrome-c shown in Figure 7.8 without TOMAC is 
N =0.71*10-3 mol/m2h, and in Figure 7.9 with TOMAC is N =0.13*10-3 mol/m2h. 
These results show that the flux through the membrane for cytochrome-c BE when 
TOMAC was added was 5.5 times less than at the same parameters without the 
addition of TOMAC, showing that the addition of TOMAC to BE has an effect on flux. 
 
7.4.1. HF MODULE EXTRACTION MASS TRANSFER 
COEFFICIENTS 
 
The variation in concentration of cytochrome-c over time during FE in the HF module 
at pH 8.5 PB and 70 mM AOT in isooctane is shown in Figure 7.10. This was the 














not be calculated. Therefore, only a mass transfer coefficient ( aqK  shown and 
derived in detail in APPENDIX D: Equation (D.37)) for FE could be calculated.  
 
The FE partition coefficient ( fH  = 4.01) was calculated from the conventional 
method and found to be in accordance with similar studies carried out by Dahuron 
(1987), who also found an fH  = 4 for a 1.5*10-5 M cytochrome-c extraction by AOT 
in isooctane. The aqK  for the FE of 1 mg ml-1 cytochrome-c using PB at pH 8.5 and 
70 mM AOT in isooctane was 12.76*10-4 cm s-1, which is an order of magnitude 
higher than that determined by Dahuron (1987), who found a aqK  = 1.3*10-4 cm s-1, 
for the extraction of cytochrome-c from a PB pH 7.7 solution into a 50 mM AOT 
solution in isooctane and a aqK  = 1.7*10-4 cm s-1 for the extraction of α-chymotrypsin. 
However, it would be hard to compare the aqK  obtained for cytochrome-c in this 
study to that obtained by Dahuron (1987), as in this study, the aqK  was measured 
based on one data point. 
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Figure 7.10:   Variation in concentration of 1 mg ml-1 cytochrome-c versus time 
during FE in the HFM module at pH 8.5 PB and 70 mM AOT in 
isooctane ( ): flowrate of aqueous phase 1.16 ml sec-1 and RM 
phase 1.80 ml sec-1. 
 
Thus an accurate and reliable comparison between the two cannot be made, as 
ideally the extraction would need to be repeated so as to confirm reproducibility and 
try and obtain more data points from which to measure a aqK  more accurately. 
Nonetheless, if a comparison was to be made, these results could be said to imply 
that the extraction of cytochrome-c using PB at pH 8.5 and 70 mM AOT in isooctane 
results in a faster process, and that since the main drawback in HF module extraction 
is the difficulty in carrying out an emulsion free extraction without damaging the 
proteins, the smaller aqK  observed by Dahuron (1987) under similar conditions could 
simply have been due to the formation of a slight emulsion, as this would reduce the 
mass transfer rate of protein through the membrane pores, in turn resulting in a 
slower process. 
 
However, gaps still remain in understanding this system, and further research would 
be required in order to gain a better understanding, although the analysis of results in 
terms of aqK  could offer some guidelines on the rate of the transport process. The 
new calculation methodology found by Coelhoso et al. (2000) should be further 
investigated as it could be used for this purpose. In their research, Coelhoso et al. 
(2000) studied modelling in liquid membrane contactors using microporous 
membranes for the extraction of organic acids, namely amino acids to determine the 
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correct development of mass transfer correlations in hollow fibre contractors. From 
their research, they found that the usual two-step calculation method for the 
development of mass transfer correlations, which works satisfactorily in systems 
operated under steady state conditions and when the only parameter varying 
between the different experimental runs is the fluid velocity of each phase, had to be 
altered when working under transient state, or when other parameters beside the 
fluid velocity change during the time course of the experimental study. The major 
limitation of this calculation method stems from the fact that it involves a two-step 
calculation, i.e. two sequential fittings, leading to unnecessary loss of information and 
possible incoherent results, and that this method cannot take into account any 
variation of the individual parameter’s values, either between or within experimental 
runs. Therefore, they found that given the currently available mathematical tools 
(such as the software package Scientist™, from Micro-Math® Scientific Software 
(USA), which can be used to perform non-linear regression calculations) that enable 
the analytical manipulation of equations and fittings with complex expressions, a new 
calculation methodology could be developed. This new one-step methodology 
resulted in a drastic reduction of roughly 20 times on the errors associated with the 
estimated parameters compared to the two-step calculation method. The different 
results obtained by these two methods, led them to conclude that the two-step 
calculation method may also be inaccurate, and that this conclusion can be 
extrapolated to other mass transfer processes and equipment. Therefore, they 
recommended the use of this one-step method as a general procedure, as this 
method can easily be applied given the currently available mathematical tools. 
 
7.4.2. PRECIPITATE FORMATION DURING HF MODULE 
EXTRACTION 
 
The pressures used for both phases during HF module extraction of cytochrome-c 
were chosen based on the results by Dahuron (1987), who found that any 
transmembrane pressure in excess of 1 psi on one side or the other of the 
membrane resulted in an emulsion, and that by ensuring no air was trapped in the 
aqueous circuit, the problem of denaturation could be eliminated. This was also 
confirmed by Cardoso et al. (1999) and Coelhoso et al. (2000) in their studies as they 
found that since hydrophobic fibres are preferentially wetted by the RM phase, a 
slight over pressure needed to be applied to the aqueous phase in order to stabilise 
the interfaces within the membrane, and that the pressures at the inlet and outlet of 
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the modules needed to be measured. Hence during all the HF module FE (Figure 
7.7) and BE runs in the presence or absence of TOMAC (Figures 7.8 and 7.9), 
careful attention was taken to ensure no air was trapped in the aqueous circuit by 
slowly flowing the aqueous phase alone in the set-up, at the beginning of each 
experiment. Once the pressure in the aqueous phase had reached 4 psi, the RM 
solution was pumped through the set-up and a pressure of 3 psi was set, then 
throughout the extractions the pressures were continuously adjusted to try and 
maintain a pressure difference of no more than 1 psi between the two phases, no 
visible precipitate/emulsion formed, thus confirming their findings. 
 
7.5. WATER CONTENT AND ITS EFFECT ON REVERSE 
MICELLE SIZE DURING HF MODULE EXTRACTION 
 
The wpR  and oW  in the isooctane RM phase taken at specific time intervals during 
the HF module FE and BE (FE at pH 8.5 PB and 70 mM AOT, and BE at pH 10 PPB 
with 52 mM TOMAC) for 1 mg ml-1 cytochrome-c are shown in Table 7.4. Where, the 
oW  values of the RM samples from both FE and BE in the HFM module (Table 7.4) 
are similar to those taken after FE and BE using the conventional method (see Table 
7.2 from section 7.3.).  
 
All oW  values greater than 7 suggest that the extracted cytochrome-c in these RM 
phases was encapsulated within a single RM. This was observed for all RM samples 
taken during FE where the oW s generally increased with time, ranging between 16.7 
and 37.9, suggesting that during FE the RMs started to form in the organic phase 
and with time more RMs were solubilising cytochrome-c in their systems.  
 
However, all oW  values below 7 suggest that the extracted cytochrome-c was likely 
to be encapsulated via the aggregation of multiple RMs, and this was observed for all 
the RM samples taken during BE. The oW  values generally decreased with time, 
ranging between 6.3 and 0.1, suggesting that with time during BE more cytochrome-c 
was being transferred back to the aqueous phase.  
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Table 7.4:  oW  and wpR  in the isooctane RM phase taken at specific time intervals during the HFM module FE as a function of pH (8.5) 
and AOT concentration (70 mM) and BE with 52 mM TOMAC of 1 mg ml-1 cytochrome-c using PPB at pH 10, where the 
values marked as “-” were disregarded as the Karl Fischer Titrator was unable to read those samples. 
 
                          
   AOT concentration [ 70 mM ] 
              
                         
Sample Time [ minutes ] 10 20 30 40 50 60 80 100 120 150 180 
               
                         
After FE at pH 8.5 
 Wo 16.7 16.0 18.0 16.8 17.7 19.2 22.6 21.3 23.4 37.9 32.3 
 
 Rwp [ Å ] 29.7 28.6 31.8 30.0 31.4 33.7 38.9 37.0 40.1 62.7 54.0 
 
             
After BE with 
 Wo 6.3 - 0.8 1.6 1.8 0.1      
TOMAC at pH 10 
 Rwp [ Å ] 13.7 - 5.2 6.4 6.7 4.1      
  




Chapter 7 – Conventional and HFM Module Extraction of Cytochrome-c using RMs 
 217 
Similar conclusions were drawn by Mat (1994) in his work on the effect of protein on 
water transfer, and vice versa, for the RM extraction of α-chymotrypsin in a non-
dispersed stirred cell using AOT in isooctane. He studied the issue of saturating RMs 
with water before extraction so that they would already be at equilibrium. He found 
that if the RMs were saturated before extraction, the transfer of protein might be 
through “core-exchange” during the process of coalescence and formation of RMs at 
the interface. On the other hand, he found that when the RMs were not saturated, 
water and protein uptake might occur simultaneously, but at different rates during FE. 
It was observed that water transfer was frequently not at equilibrium over time, as it 
could take 1 day for equilibrium to be reached. He also found that it is not uncommon 
for the water content in RM phase samples to decrease over time during BE. 
 
Therefore, in Table 7.4 the increase in oW  over time that occurs even after complete 
FE is achieved, can be explained by the fact that since the RM phase was not 
equilibrated before extraction, the time it would take for the RMs to achieve 
equilibrium would be longer than that to achieve complete FE of cytochrome-c. Even 
though all the cytochrome-c was solubilised by the RMs achieving complete FE, the 
remaining RMs were still not fully saturated with water (i.e. they were still taking up 
aqueous phase in their water pools), and only when the RMs were fully saturated 
was equilibrium reached. Mat (1994) found that the mass transfer of α-chymotrypsin 
was enhanced if the extraction was carried out with non-saturated RMs instead of 
saturated ones, and the α-chymotrypsin mass transfer coefficient for non-saturated 
RMs was between one to four times faster than that for saturated ones. Hence, in 
this thesis the RMs were not pre-saturated before extraction. 
 
Furthermore, in his work, Mat (1994) found that the flux of RMs into and from the 
interface increases with increasing RM concentration as a result of increasing 
surfactant concentration. The decrease in mass transfer when changing the system 
from non-saturated to saturated RMs, could be explained by the decrease in RM 
diffusivity causing the decreases in protein mass transfer. Nonetheless, he deduced 
that no definitive conclusions could be drawn with regard to the rate controlling step 
due to the uncertain reliability of the calculated RM size and protein diffusivity. 
However, in spite of his findings, it is possible that the fact that non-saturated RMs 
have a faster protein mass transfer rate than saturated ones, is probably due to the 
enhanced water flux 
 




The optimal parameters for conventional RM extraction of cytochrome-c using AOT 
in isooctane were at a FE pH of 8.5 and a BE pH of 10 for 70 mM generating a fE  of 
80% with an bE  of 91%. The conventional extraction of cytochrome-c using HDEHP 
in corn oil was much better than AOT in corn oil, and equally as good as AOT in 
isooctane. Furthermore, the use of AOT or HDEHP in corn oil worked equally well for 
BE and OE, and the extraction percentages obtained depended on the pH and 
surfactant concentration. The use of TOMAC in the conventional method using AOT 
in isooctane resulted in increased BE yields, generating an fE  of 81% with an bE  of 
98%. RM extraction in the HF module, with and without the addition of TOMAC to 
BE, resulted in 100% FE within 50 minutes, generating a FE aqK  of 12.76*10-4 cm s-1 
(no other aqK  could be calculated), while the bE  doubled when TOMAC was added 
reaching 40%. During HF module extraction the formation of a precipitate was 
prevented by maintaining a pressure difference of about 1 psi between the two 
phases. Water content analysis of RM phases from both extraction methods showed 
that RMs formed in both solvents, confirming that both FE and BE proceeded with or 
without the addition of a counterionic surfactant to BE. The data confirmed that using 
a HF module in a re-circulating counter-current mode for the extraction of 
cytochrome-c (12.384 kDa) was a feasible continuous process which was more cost-
effective and less time consuming than the conventional extraction method, and 
resulted in no interfacial precipitation. This in turn, suggests considerable potential for 
the HF module extraction of humanized IgG4 B72.3 MAb Fab fragments (46.2 kDa). 
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CHAPTER 8 
EXTRACTION OF HUMANIZED IGG4 B72.3 MAB FAB 
FRAGMENTS USING REVERSE MICELLES IN A 




With the growing need for cheaper purification methods and process scalability to 
meet the ever increasing market demand for MAb-based drug products, the objective 
of this chapter was to study RM-HF module extraction in counter-current flow for 1 
mg ml-1 humanized IgG4 B72.3 MAb Fab fragments using two surfactants (AOT and 
HDEHP) in isooctane. This was carried out at the “optimal parameters” determined in 
Chapter 5 for AOT and Chapter 6 for HDEHP using the conventional extraction 
method, where the effect was assessed on improving the extraction by adding a non-
ionic surfactant (10% 25 mM Brij 30) and a counterionic surfactant (60 mM TOMAC) . 
The extraction yield, and the mass transfer rates of the extraction processes were 
calculated when possible. The efficiency of this large-scale extraction method and 
the impact of Brij 30 and TOMAC on it were examined by carrying out structural, 
water content and precipitate analysis. All results presented here were from single 
experiments, with all analytical measurements being carried out in duplicate at the 
minimum. All experiments were carried out at 20 ± 2 oC. 
 
8.2. HF MODULE - FORWARD, BACKWARD AND OVERALL 
EXTRACTION  
 
The optimal parameters tested for the extraction of 1 mg ml-1 Fab fragments in the 
HF module were based on previous work, where the use of AB at pH 5 and 25 mM 
AOT in isooctane for FE and BE using a CB (pH 10) resulted in a fR  of 23% and a 
bR  above 100% without Brij 30 or TOMAC, and a fR  of 42% and a bR  of 83% with 
Brij 30 and TOMAC. AB at pH 5 and 25 mM AOT in isooctane for FE and BE using a 
PPB (pH 8) resulted in a fR  of 42% and a bR  of 43%. PB at pH 6 and 6.25 mM 
                                                 
∗
 The work presented in this chapter is in preparation to be submitted for publication. Title: Extraction of IgG4 Fab 
Fragments Using Reverse Micelles in a Hollow Fibre Membrane Module. 
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HDEHP in isooctane for FE and BE using CB (pH 10) resulted in a fR  of 62% and a 
bR  of 89%; and PB at pH 6 and 25 mM HDEHP in isooctane for FE and BE using 
PPB (pH 8) resulted in a fR  of 57% and a bR  of 36% without Brij 30 and a fR  of 
68% with Brij 30. The fR  of Fab fragments with isooctane in the HF module over 
time with and without Brij 30 are shown using AOT at pH 5 in Figure 8.1, and using 
HDEHP at pH 6 in Figure 8.2. 
 
In Figure 8.1 in the absence of Brij 30, the fR  sharply increased within the first 50 
minutes, reaching a high of 99% at 120 minutes after which it stabilised, suggesting 
that as for cytochrome-c in Chapter 7 (see Figure 7.7), the FE of Fab fragments is 
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Figure 8.1:  FE removal of 1 mg ml-1 Fab fragments in the HFM module at pH 
5 AB and 25 mM AOT in isooctane without Brij 30 ( ): flowrate of 
aqueous phase 1.10 ml sec-1 and RM phase 1.76 ml sec-1, and 
with 25 mM Brij 30 ( ): flowrate of aqueous phase 1.05 ml sec-1 
and RM phase 1.10 ml sec-1. 
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Figure 8.2:  FE removal of 1 mg ml-1 Fab fragments in the HF module at pH 6 
PB and 6.25 mM HDEHP in isooctane ( ): flowrate of aqueous 
phase 1.21 ml sec-1 and RM phase 1.89 ml sec-1; at pH 6 PB and 
25 mM HDEHP in isooctane ( ): flowrate of aqueous phase 1.02 
ml sec-1 and RM phase 1.68 ml sec-1; and at pH 6 PB and 25 mM 
HDEHP in isooctane with 25 mM Brij 30 ( ): flowrate of aqueous 
phase 0.95 ml sec-1 and RM phase 1.00 ml sec-1. 
 
This resulted in higher fR s than in the conventional method, probably due to the fact 
that both phases were clear and no precipitate formed. The addition of Brij 30 to FE 
actually decreased the extraction yields sharply, only reaching a high of 24% at 30 
minutes, and then slightly decreasing and stabilised (remaining between 18 and 
22%) between 40 and 60 minutes. This is contrary to what was observed in the 
conventional method, where the addition of Brij 30 to FE nearly doubled the fR . The 
difference in the fR s between the two extraction methods could be due to the 
extraction method itself, suggesting that a stronger driving force may be required to 
transport the Fab fragments across the membrane. Furthermore, the Fab fragments 
could be adsorbing to the membrane surface and fouling it, as the use of Brij 30 
seemed to cause the RM solution to become cloudy, although the aqueous solution 
was clear and no precipitate was observed in it. Nonetheless, in typical AOT mixed 
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RMs, there are two possible solubilisation sites for the non-ionic surfactant in the 
mixed RMs (immersed inside the micellar water pool or solubilised in the AOT 
surfactant head group region). Work on the conductrometric and spectrophotometric 
investigations of the interface of AOT/Brij mixed RMs by Chatterjee et al. (2006) 
showed that replacement of AOT molecules with small polar head group Brij 
molecules (Brij 52 and 72) increased the solubilisation capacity of AOT/isooctane RM 
systems retarding the conductance percolation. In contrast, those with large polar 
head groups (Brij 30, 35 and 56) decreased it assisting the conductance percolation, 
implying that the use of a non-ionic surfactant could result in an enhanced extraction 
and even decrease precipitation. The opposite was observed in Figure 8.2, where in 
the absence of Brij 30, the use of 25 mM HDEHP achieved higher fR , reaching a 
high of 23% at 60 minutes compared to a maximum high of 12% at 10 minutes for 
6.25 mM HDEHP, which is much lower than the fR  observed in the conventional 
method. The difference in the fR s between the two extraction methods could again 
be due to Fab fragments adsorbing to the membrane surface, thus fouling it, 
therefore this issue will be examined in section 8.2.3.. The addition of Brij 30 
increased the fR  to 88% at 60 minutes when using 25 mM HDEHP compared to in 
its absence where a high of 23% was achieved, where an increase in fR  with the 
addition of Brij 30 was also observed in the conventional method. The use of Brij 30 
did not have an effect on either phase as both were clear and no precipitate was 
observed throughout the FE process. 
 
The bR  and oR  of Fab fragments with isooctane in the HF module over time are 
shown for AOT from FE pH 5 without Brij 30 for BE at pHs 8 PPB and 10 CB, and 
with Brij 30 for BE at pH 10 CB with TOMAC in Figure 8.3; and for HDEHP from FE 
pH 6 for BE at pHs 8 PPB and 10 CB in Figure 8.4. In Figure 8.3, the use of CB 
resulted in the highest bR  of 79% and an oR  of 76% at 150 minutes where the 
extraction increased steadily up to 100 minutes and then stabilised. This is in 
comparison to PPB which only achieved a bR  of 12% and an oR  of 9% at 20 
minutes, and then decreased to 40 minutes and stabilised between 40 and 100 
minutes. This decrease in extraction yield when PPB was used compared to CB 
could again be due to the Fab fragments adsorbing to the membrane surface, thus 
fouling it, or getting stuck in the membrane pores (see section 8.2.3. where this will 
be examined).  
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Figure 8.3:   bR  ( ) and oR  ( ) of 1 mg ml-1 Fab fragments in the HF module 
at pH 10 CB after FE at pH 5 AB and 25 mM AOT in isooctane: 
flowrate of aqueous phase 1.63 ml sec-1 and RM phase 1.88 ml 
sec-1; bR  ( ) and oR  ( ) at pH 8 PPB after FE at pH 5 AB and 25 
mM AOT in isooctane: flowrate of aqueous phase 1.89 ml sec-1 
and RM phase 1.75 ml sec-1; and bR  ( ) and oR  ( ) at pH 10 CB 
with 60 mM TOMAC after FE at pH 5 AB and 25 mM AOT in 
isooctane with 25 mM Brij 30: flowrate of aqueous phase 2.02 ml 
sec-1 and RM phase 1.14 ml sec-1. 
 
The RM solution and the aqueous solution became cloudy during BE using PPB 
compared to when CB was used, where both the RM solution and the aqueous 
solution were clear and no precipitate was observed. The effect of buffers on the 
extraction process and their impact in terms of charge density were discussed 
previously (see Chapter 5, section 5.2.), where it was suggested that the difference in 
performance with different buffers was due to pH alone. The addition of 60 mM 
TOMAC to BE using CB at pH 10 after FE using AB at pH 5 and 25 mM AOT with 25 
mM Brij 30 resulted in lower bR  and oR  than in its absence after a FE without Brij 30.  
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Figure 8.4:   bR  ( ) and oR  ( ) of 1 mg ml-1 Fab fragments in the HF module 
at pH 10 CB after FE at pH 6 PB and 6.25 mM HDEHP in 
isooctane: flowrate of aqueous phase 1.75 ml sec-1 and RM phase 
1.85 ml sec-1; and bR  ( ) and oR  ( ) at pH 8 PPB after FE at pH 6 
PB and 25 mM HDEHP in isooctane: flowrate of aqueous phase 
1.83 ml sec-1 and RM phase 1.78 ml sec-1. 
 
The use of TOMAC resulted in the highest bR  of 38% and oR  of 8% at 120 minutes, 
where the extraction was quite stable and similar throughout, achieving bR s between 
27 and 38% and oR s between 6 and 8%, which was on average 3.3 times lower than 
the conventional method under the same conditions. These data suggest that the use 
of TOMAC is more suited for the extraction of Fab fragments at these conditions 
using the conventional method, increasing the extraction yields as shown in work 
carried out by Jarudilokkul (2000) who found that the addition of TOMAC to BE using 
the conventional method generated higher BE yields than in its absence. This was in 
contrast to the HF module method, where both the use of Brij 30 and TOMAC for 
AOT RM extraction of Fab fragments in isooctane was not as good. Again, this 
decrease could be due to, as was thought when Brij 30 was added to FE, the Fab 
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fragments adsorbing to the membrane surface and fouling it, or getting stuck in the 
membrane pores, as the use of TOMAC seemed to cause the RM solution to be 
slightly cloudy in appearance, although the aqueous solution was clear and no 
precipitate was observed during BE. 
 
In Figure 8.4, the use of CB was much better than PPB, achieving the highest bR  of 
92% and an oR  of 5% at 30 minutes, where the extractions increased up to 20 
minutes and then stabilised, compared to PPB, with the highest bR  of 46% and an 
oR  of 11% at 50 minutes, where the extraction was quite stable and similar 
throughout. The fact that the bR  was nearly double when CB was used was also 
observed in the conventional method. The difference in BE yields when using CB and 
PPB could be due to the fact that CB was at pH 10 i.e. a pH>pI of Fab (8.21) and that 
PPB was at pH 8 i.e. a pH<pI of Fab. This was also observed by Jarudilokkul (2000) 
who investigated the system parameters affecting the BE of RM encapsulated 
proteins and found that electrostatic repulsion may also contribute to the variation in 
BE yield, where he found that in terms of electrostatic repulsion, at a pH>pI (when 
the protein has a net negative charge), proteins are more easily backward extracted 
than at a pH<pI. The decrease in extraction yields observed when PPB was used 
compared to CB could again as for AOT in Figure 8.3, be due to the Fab fragments 
adsorbing to the membrane surface and fouling it or getting stuck in the membrane 
pores.  
 
As throughout this thesis the HFM module was operated in re-circulation mode, and 
the flux of solute extracted was determined using Equation (7.1) (see section 7.4.). 
The flux through the membrane for all the FEs and BEs of cytochrome-c from 
Chapter 7 and of Fab fragments (from this Chapter) carried out in the HFM module 
using isooctane are shown in Table 8.1.  
 
The results in Table 8.1 show that within the bounds of statistical significance, for the 
extraction of Fab fragments and cytochrome-c at all the parameters tested, the flux 
through the membrane during BE was less than that of its corresponding FE. The flux 
through the membrane during BE were all (except for one) in a similar range for the 
extraction of both polypeptides.  
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Table 8.1:  Flux for all the FEs and BEs of Fab fragments and cytochrome-c 
carried out in the HFM module using isooctane. 
 
      
Fab fragments 
      
      
FE: AB pH 5 + 25 mM AOT 
 
AB pH 5 + 25 mM AOT 
BE: CB pH 10 
 
PPB pH 8 
 
     
 
     
Flux [mol/m2h]: FE BE  FE BE 
 
     
Extraction 
     
 
     
 
     
Normal FE + 2.18*10-3 0.53*10-3   1.61*10-3 
normal BE 
     
 
     
FE with Brij 30 + 8.27*10-3 0.11*10-3    
BE with TOMAC 
     
 
     
 
     
FE: PB pH 6 + 6.25 mM HDEHP 
 
PB pH 6 + 25 mM HDEHP 
BE: CB pH 10 
 
PPB pH 8 
 
     
 
     




     
Extraction 
     
 
     
 
     
Normal FE + 6.53*10-3 0.23*10-3  4.64*10-3 0.34*10-3 
normal BE 
     
 
     
FE with Brij 30 
   3.54*10-3  
 
     
 
     
Cytochrome-c 
 
     
 
     
FE: PB pH 8.5 + 70 mM AOT 
   
BE: PPB pH 10 
   
 
     
 
     
Flux [mol/m2h]: FE BE    
 
     
Extraction 
     
 
     
 
     
Normal FE + 0.74*10-3 0.71*10-3    
normal BE 
     
 
     
Normal FE + 
 0.13*10-3    
BE with TOMAC 
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However, the flux through the membrane during FE was greater when extracting Fab 
fragments compared to cytochrome-c. Additionally, for Fab fragment extraction using 
AOT, the flux through the membrane for the BE when TOMAC was added was 75 
times less than that of its corresponding FE. Furthermore, for Fab fragment 
extraction using HDEHP, the flux through the membrane for the BE was 28 times 
less when using CB and 14 times less when using PPB than that of its corresponding 
FE. In conclusion, these results suggest that, within the bounds of statistical 
significance, the buffer used for BE and the addition of TOMAC to BE do have an 
effect on the flux of the polypeptides through the membrane during the extraction 
process.  
 
Therefore, even though the OEs ( oR s) were promising for an initial try depending on 
the parameters chosen (ranging between 5 and 76%), it is in most cases not good 
enough for commercial processes, where OEs between 80 and 90% at the least 
would be required. Thus, in future, more work would be required to understand why 
the recoveries are still relatively low, enabling the extraction processes to be further 
optimised, so as to obtain commercially viable recoveries. 
 
8.2.1. HF MODULE MASS TRANSFER COEFFICIENTS 
 
The variation in concentration of Fab fragments over time during FE in the HF 
module with and without Brij 30 for AOT at pH 5 is shown in Figure 8.5; and that for 
HDEHP at pH 6 is shown in Figure 8.6. The variation over time during BE in the HF 
module for AOT at pH 8 PPB after FE at pH 5, and at pH 10 CB with TOMAC after 
FE at pH 5 with Brij 30 is shown in Figure 8.7; and that for HDEHP at pH 10 CB after 
FE at pH 6 is shown in Figure 8.8.  
 
These were the only plots that could be generated from the results shown in Figures 
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Figure 8.5:  Variation in concentration of 1 mg ml-1 Fab fragments versus time 
during FE in the HF module at pH 5 AB and 25 mM AOT in 
isooctane without Brij 30 ( ): flowrate of aqueous phase 1.10 ml 
sec-1 and RM phase 1.76 ml sec-1, and with 25 mM Brij 30 ( ): 
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Figure 8.6:   Variation in concentration of 1 mg ml-1 Fab fragments versus time 
during FE in the HFM module at pH 6 PB and 6.25 mM HDEHP in 
isooctane ( ): flowrate of aqueous phase 1.21 ml sec-1 and RM 
phase 1.89 ml sec-1; at pH 6 PB and 25 mM HDEHP in isooctane 
without Brij 30 ( ): flowrate of aqueous phase 1.02 ml sec-1 and 
RM phase 1.68 ml sec-1, and with 25 mM Brij 30 ( ): flowrate of 
aqueous phase 0.95 ml sec-1 and RM phase 1.00 ml sec-1. 
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y = -0.0074x - 0.1694
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Figure 8.7:   Variation in concentration of 1 mg ml-1 Fab fragments versus time 
during BE in the HF module at pH 8 PPB after FE at pH 5 AB and 
25 mM AOT in isooctane ( ): flowrate of aqueous phase 1.89 ml 
sec-1 and RM phase 1.75 ml sec-1; and at pH 10 CB with 60 mM 
TOMAC after FE at pH 5 AB and 25 mM AOT in isooctane with 25 
mM Brij 30 ( ): flowrate of aqueous phase 2.02 ml sec-1 and RM 




















Figure 8.8:   Variation in concentration of 1 mg ml-1 Fab fragments versus time 
during BE in the HFM module at pH 10 CB after FE at pH 6 PB and 
6.25 mM HDEHP in isooctane ( ): flowrate of aqueous phase 1.75 
ml sec-1 and RM phase 1.85 ml sec-1. 
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The partition coefficients for FE ( fH ), BE ( bH ) and OE ( 0H ) were calculated for all 
the parameters tested based on the extraction yields obtained from the previous work 
in Chapter 5 for AOT and Chapter 6 for HDEHP. The equation for the mass transfer 
coefficient ( aqK ) is shown and derived in detail in APPENDIX D (Equation (D.37)). 
The partition coefficients and their resulting mass transfer coefficients from Figures 
8.1 to 8.4 are shown in Table 8.2. The partition coefficients and their resulting mass 
transfer coefficients for liquid-liquid extractions studied experimentally in a HF 
module by Dahuron (1987) are shown in Table 8.3. 
 
The aqK  obtained for FE and BE were mostly similar and in the same range. Those 
for FE were in a similar range to those obtained by Dahuron (1987) for smaller 
proteins in a similar HF module extraction process ( aqK  of 1.3*10-4 cm s-1 for 
cytochrome-c and 1.7*10-4 cm s-1 for α-chymotrypsin), and to that obtained in 
Chapter 7 (see section 7.4.1.) for the FE of 1 mg ml-1 cytochrome-c using PB at pH 
8.5 and 70 mM AOT in isooctane ( aqK  = 12.76*10-4 cm s-1). Thus the resulting aqK s 
for Fab fragments were mainly of the same order of magnitude as those obtained for 
the extraction of smaller proteins (cytochrome-c and α-chymotrypsin) as well as small 
molecules like acetic acid and catalase. This implies that since only a slight variation 
was obtained in the aqK s determined for Fab fragments, cytochrome-c and all 
molecules studied by Dahuron (1987), this variation could be seen as negligible, 
suggesting that as for the smaller proteins and small solutes studied by Dahuron 
(1987), no unusual mechanism is occurring during Fab fragment transfer. 
 
Besides, the possibility of the mass transfer rate varying or being influenced 
depending on protein size or the protein used could neither be confirmed nor 
discarded as in this work all the HF extractions were based on single experiments. 
Where a comparison of the HF extraction of cytochrome-c under similar conditions in 
this work ( aqK  = 12.76*10-4 cm s-1) and Dahuron’s (1987) work ( aqK  = 1.3*10-4 cm s-
1) resulted in a ~10 fold variation in the aqK s obtained. Implying that the aqK s 
already varied using the same protein under similar extraction conditions, suggesting 
that reproducibility of extraction should be checked first. 
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Table 8.2:  Partition coefficients for FE ( fH ) and BE ( bH ) with their resulting 
mass transfer coefficients ( aqK ) at certain parameters. 
 
      
ISOOCTANE 
      





      
      





      
      
pH 5 AB + 0.30 2.32*10-4 pH 8 PPB after FE at 1.35 2.03*10-3 
25 mM AOT 
  
pH 5 AB + 25 mM AOT 
  
 
     
pH 5 AB + 25 mM 0.72 0.39*10-4 pH 10 CB with TOMAC after FE at 0.21 0.32*10-4 
AOT with Brij 30 
  
pH 5 AB + 25 mM AOT with Brij 30 
  
 
     
pH 6 PB + 1.62 0.44*10-4 pH 10 CB after FE at 0.12 0.22*10-4 
6.25 mM HDEHP 
  
pH 6 PB + 6.25 mM HDEHP 
  
 
     
pH 6 PB + 1.34 0.19*10-4    
25 mM HDEHP 
     
 
     
pH 6 PB + 25 mM 2.10 0.49*10-4    
HDEHP with Brij 30 
     
 
     
 
The same applies for the HF extraction of Fab fragments (Table 8.2) as the aqK s 
varied quite a bit depending on the extraction parameters and conditions used, where 
the aqK s obtained for Fab fragments were mainly of the same order of magnitude as 
those obtained for the extraction of smaller proteins and molecules (i.e. cytochrome-
c, α-chymotrypsin, acetic acid and catalase). Therefore, a categorical statement on 
whether the mass transfer rate varied depending on protein size or protein used 
cannot be made, as first the reproducibility of HF extractions would need to be 
verified.  
 
Nonetheless, further research would be required in order to gain a better 
understanding and to enable the effect of the membrane to be assessed. A non-
dispersed stirred cell (Lewis Cell) could be used for this purpose, rendering it 
possible to measure only the interfacial mass transfer rate of different polypeptides.  
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Table 8.3:  Mass transfer coefficients ( aqK ) for liquid-liquid extractions studied 
experimentally in a HF module by Dahuron (1987). 
 
        
  
  FE BE: 1 M KCl 
        
        
 Solute Solvent Solvent Hf Kaq Hb Kaq 
# 
 
inside outside  [cm s-1]  [cm s-1] 
        
        
1 acetic acid water MAK 0.4 2.1*10-4 - - 
 
       
2 p-nitrophenol water amyl acetate 70 3.4*10-3 - - 
 
       
3 p-nitrophenol water isobutanol 29 9.0*10-4 - - 
 
       
4 p-nitrophenol isobutanol water 0.035 1.3*10-5 - - 
 
       
5 p-nitrophenol MAK water 0.003 5.1*10-6 - - 
 
       
6 p-nitrophenol water MAK 400 2.8*10-3 - - 
 
       
7 cytochrome-c PB PEG 0.18 5.5*10-6 - - 
 
       
8 myoglobin PB PEG 0.009 7.5*10-7 - - 
 
       
9 α-chymotrypsin PB PEG 0.16 7.0*10-6 - - 
 
       
10 catalase PB PEG 0.12 2.8*10-5 - - 
 
       
11 urease PB PEG 0.65 2.0*10-4 - - 
 
       
12 cytochrome-c PB AOT isooctane 4 1.3*10-4 0.09 1.9*10-6 
 
       
13 α-chymotrypsin PB AOT isooctane 10 1.7*10-4 - - 
  
      
 
On the other hand based on the results shown for Fab fragments in Table 8.2, it is 
highly likely that the mass transfer rate is controlled by diffusion, where diffusion of 
RMs takes place in the stagnant film/layer on either side of the membrane and in the 
membrane pores. Implying that the diffusivity of the RM with the Fab fragment in it 
controls, where essentially the hydrodynamic radius of the RM controls diffusion. In 
order to compare this, the average size of RM water pools ( wpR ) in the isooctane RM 
phase for the extractions carried out, were calculated based on the wpR  in the 
isooctane RM phase taken at specific time intervals during the HF module extraction 
(Tables 8.5 and 8.6, section 8.3.).  
 
Chapter 8 – Extraction of IgG4 Fab Fragments using RMs in a HFM Module 
 233 
In addition, as the wpR  is the water pool radius, the surfactant needs to be accounted 
for as the water pool is surrounded by surfactant. Where for AOT the length of the 
whole surfactant molecule, HDEHPAOTL / , (i.e non-polar (hydrophobic tail) and polar 
(hydrophilic head) parts) is ~12 Å (Zhou and Wu, 1995) and for HDEHP this is ~8 Å 
(Neuman et al., 1990), the actual “average” hydrodynamic radius of the RM ( RMR ) 
can be calculated (i.e. RMR  = average wpR  + HDEHPAOTL / ). Thus the RM size is the 
water pool radius plus the palisade (where what is in the RM is fairly irrelevant) and 
these average values are shown in Table 8.4. These measurements are needed as it 
is of interest to know how big the RM is when it diffuses. 
 
The efficiency of adding TOMAC to BE was evaluated during HFM module extraction 
to give an insight into its effects on the kinetics of BE. It is known that during 
conventional extraction the kinetics of FE are fast, while BE is an order of magnitude 
slower (Dungan et al., 1991), and this may result in commercial processes using this 
technique being constrained by the size of the BE contactor. However, the resulting 
aqK s for Fab fragments during BE shown in Table 8.2 were in two cases (when 
using HDEHP and when using AOT with TOMAC) similar to their corresponding FE 
aqK s. This may have been due to the strong interaction of Fab fragments with 
AOT/HDEHP resulting in the formation of a protein-surfactant complex with a 
hydrodynamic radius larger than the native Fab fragment, and the resultant decrease 
in its diffusivity. This was the case for BE using AOT with TOMAC as the RMR  was 
found to be on average 35.6 Å (Table 8.4) which is roughly the same size on 
average as the size of a humanized IgG4 Fab fragment which has a radius of 
approximately 35 Å. In addition, the close similarity observed between the FE and BE 
aqK s when using AOT with the addition of TOMAC to BE, could be explained by the 
fact that since 60 mM TOMAC was added to BE, an increasing number of non-
charged and hydrophobic AOT-TOMAC complexes may have competed with the 
TOMAC interaction with RMs causing a reduction in the rate of decrease in water 
content during BE.  
 
In contrast, in the third case (when using AOT), the BE aqK  was 8.75 times faster 
than its corresponding FE aqK , the reason for this remains unclear. However, this 
would suggest that compared to the case where TOMAC was added to BE and the 
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aqK  was 63 times slower, the electrostatic interaction between AOT and the 
oppositely charged groups on the Fab fragment surface was stronger than the 
interaction between TOMAC and AOT. This suggests that the hydrophobicity of the 
Fab fragment-surfactant complex is higher, and thus it is more soluble in the solvent 
phase than the AOT-TOMAC surfactant complex. However, at present it is not clear 
why this could appear to be so, as the opposite was observed by Jarudilokkul (2000) 
for the kinetics of FE and BE, with and without the addition of TOMAC to BE (using 
the conventional extraction method), for three proteins (cytochrome-c, lysozyme and 
ribonuclease A). He found that BE of proteins using TOMAC was very fast, more 
than 100 times faster than BE without TOMAC, and as much as 3 times faster than 
FE. He further found that it appeared that the rate of BE with TOMAC was faster than 
that found in its absence, since in its absence the RMs only gave up their proteins by 
impinging on the planar aqueous-organic interface, whereas they could interact with 
TOMAC in the entire bulk phase, and thus the likelihood of forming AOT-TOMAC 
complexes was much higher and protein release faster.  
 
Furthermore, the FE aqK  obtained by Dahuron (1987) for cytochrome-c in a similar 
HF module extraction process (Table 8.3) was 68 times faster than its corresponding 
BE aqK . This supports Jarudilokkul’s findings (2000) during the conventional 
extraction method, where FE is substantially faster than BE (in the absence of 
TOMAC). Therefore, this begs the question as to the reliability of the aqK s obtained 
in this thesis since they were based on between one to four data points. Thus, an 
accurate and reliable conclusion cannot be drawn from these aqK s as ideally the 
extraction would need to be repeated so as to confirm reproducibility, and try and 
obtain more data points from which to measure a aqK  more accurately. 
 
The results in Table 8.4 show that the RMR  does vary depending on the surfactant 
used; it is smaller for HDEHP than AOT, and for AOT it is bigger during FE compared 
to BE. For AOT and HDEHP, the addition of Brij 30 increases the RMR . The 
variations in size of RMs depend on the extractions carried out, and will be discussed 
in section 8.3. by investigating water content measurements to see their effects on 
the size of RMs during HF module extraction.  
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Table 8.4:  Average hydrodynamic radius ( RMR ) of the RMs in the isooctane RM 
phase from various extractions. 
 
      
ISOOCTANE 
      





      
      
Extraction Average RRM Extraction Average RRM 
 
Rwp [ Å ] [ Å ]  Rwp [ Å ] [ Å ] 
      
      
pH 5 AB + 37.1 49.1    
25 mM AOT 
     
 
  
pH 10 CB + 
  
pH 5 AB + 25 mM 39.7 51.7 TOMAC after FE 23.6 35.6 
AOT + Brij 30 
  




mM AOT + Brij 30 
  
pH 6 PB + 8.5 16.5    
25 mM HDEHP 
     
 
     
pH 6 PB + 25 mM 14.3 22.3    
HDEHP + Brij 30 
     
 
     
 
In contrast, work carried out by Mat (1994) on the effect of various parameters on the 
FE and BE of α-chymotrypsin using 50 mM AOT in isooctane in a non-dispersed 
stirred cell, revealed that the kinetics of α-chymotrypsin FE at pH 5.5 AB were 
controlled primarily by diffusion in the stagnant aqueous film, and to a lesser extent 
by protein-surfactant interactions at the interface. He reached this conclusion by 
stating that since protein transfer was controlled by diffusion, relative values of the 
diffusivity of RMs and protein could provide an indication as to which step controls 
protein transfer. Therefore, enabling him to calculate the diffusivity ( D ) of the RMs 








where bk  is the Boltzmann’s constant (1.3805x10-23 J/K), T  is the temperature (K), 
wpR  is the water pool radius (m) (see equation (3.7) in section 3.7), and η  is the 
viscosity of a saturated RM phase (kg/m.s). However, based on his calculated D , no 
definitive conclusions could be drawn about which step controlled the process. 
However, he found that the D  of α-chymotrypsin containing RMs was smaller than 
the α-chymotrypsin D , which is opposite to what was expected if diffusion of protein 
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in the aqueous stagnant film is rate controlling. Since in his work α-chymotrypsin FE 
and the formation of RMs at the interface was not in equilibrium, the size of the RMs 
could be smaller than the calculated value based on oW , but larger than the size of α-
chymotrypsin otherwise it could not be solubilised inside the RMs. Therefore, if the 
size of the RMs was assumed to be the same as α-chymotrypsin, the D  of α-
chymotrypsin was greater than its D  in the aqueous stagnant film. Nonetheless, he 
found that calculating protein D  this way, could lead to misleading conclusions since 
it was reported that the D  of the protein was strongly dependent on pH and ionic 
strength of the protein solution, and also protein concentration (Cussler, 1997). In 
fact he found that the D  of α-chymotrypsin in an aqueous phase increased with 
decreasing salt concentration and with increasing pH. Where the aqK  of α-
chymotrypsin (between 0.11*10-4 and 1.81*10-4 cm s-1 at 50 mM AOT between 50 
and 450 rpm in non-saturated RMs, and between 0.65*10-4 and 0.92*10-4 cm s-1 
between 150 and 350 rpm) depended on surfactant concentration, stirring speed, 
protein concentration, solvent used, salt type and concentration, and the use of either 
saturated or non-saturated RMs. In the case of BE at pH 9.5 CB, he found that the 
kinetics of the transfer process were independent of stirring speed indicating that the 
rate controlling process was interfacial. The rate of α-chymotrypsin BE was around 
10-4 cm s-1, which was ten times higher than some other values reported in the 
literature (Bausch et al., 1992; Dekker et al., 1990; Dungan et al., 1991; Hentsch et 
al., 1992). He also found that this difference might be due to different experimental 
conditions used in preparing protein containing RMs, and the aqueous phase used in 
the kinetic studies. He found that the aqK  (5.99*10-4 cm s-1 at 50 mM AOT) of α-
chymotrypsin decreased during BE with increasing surfactant concentration, but 
increased with increasing alkyl chain length of the solvent used. 
 
Therefore, Mat’s (1994) resulting FE aqK s for α-chymotrypsin in a non-dispersed 
stirred cell were of the same order of magnitude (*10-4) as that found by Dahuron 
(1987) for the FE of α-chymotrypsin in a HF module, as well as for Fab fragments (in 
this Chapter), cytochrome-c (in Chapter 7 and by Dahuron (1987)), acetic acid and 
catalase (by Dahuron (1987)) also in a HF module. This implies that the aqK s of RM 
extraction for different proteins are the same order of magnitude independent of what 
device (i.e. non-dispersed stirred-cell or HF module) is used. In this thesis the 
diffusivity of the extractions carried out was not calculated, as Mat (1994) found that 
based on his calculated diffusivities using the Stokes-Einstein equation no definitive 
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conclusions could be drawn about which step controlled the process. Nonetheless, 
the extraction processes with HF modules can be seen as quite efficient, where the 
analysis of results in terms of aqK  offers some guidelines on the rate of the transport 
process. However, as concluded in Chapter 7 (see section 7.4.1.) gaps still remain 
where further research would be required to gain a better understanding, for example 
by means of a new calculation methodology which uses a one-step method to 
determine the correct development of mass transfer correlations in hollow fibre 
contactors. 
 
8.2.2. PRECIPITATE FORMATION DURING HF MODULE 
EXTRACTION 
 
From all the HF module extractions tested (Figures 8.1 to 8.4), the pressure 
difference between the aqueous and RM phases was found not to have an effect on 
BE as it did on FE, where it eliminated emulsion formation. This is supported by the 
findings from previous work (Chapters 5 for AOT and 6 for HDEHP) where during 
most FEs a precipitate formed at the interphase between the two phases, unlike 
during BE. Although a separate precipitate layer was not observed, under certain 
conditions the aqueous and/or RM phases became cloudy during extraction, implying 
that the formation of a precipitate was occurring. Thus, acetone precipitation with an 
ethanol wash step was carried out on all aqueous samples taken during FE and BE, 
even the clear ones. This technique was proven in previous work (Chapters 5 for 
AOT and 6 for HDEHP) to remove any interference due to surfactants or solvents 
present in the aqueous phase after each extraction step, and enabled the true 
percentage FE, BE and OE to be determined.  
 
Furthermore, the fact that a precipitate layer was not observed in the HFM module 
compared to during conventional extraction, possibly has to do with the degree of 
turbulence at the interface with the two different extraction methods. In the HFM 
module the interface is quiescent within the membrane pores, compared to the 
conventional extraction method where the two phases are continuously being mixed 
and the droplets constantly being formed and broken, thereby causing the interface 
to be short lived. The formation of a precipitate during conventional extraction was 
also observed by Mat (1994) during his study on protein extraction using RM 
systems. He found that the white precipitate formed was an emulsion, and that this 
formed when the two phases were continuously being mixed. He also found that the 
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size of the emulsion droplets depended on mixing speed, where at high speed small 
emulsion droplets formed which were more stable than the bigger ones, and as a 
result the phase separation was observed to be slower. In addition, he found that it is 
the collision of a protein containing RM with the interface during mixing which leads 
to irreversible coalescence, thus forming a precipitate. The use of centrifugation 
leads to a compression of the emulsion droplets at the interface forming a white 
precipitate. 
 
8.2.3. LOSS OF FAB FRAGMENTS DURING HF MODULE 
EXTRACTION 
 
HF module extraction using two aqueous phases in PB at pH 6 was carried out to 
check if any Fab fragments adsorb to the membrane surface, and/or stick in the 
membrane pores during extraction. Both aqueous phases underwent acetone 
precipitation with an ethanol wash step to remove any interferences even though the 
phases were clear and no precipitate was observed. The predicted and measured 
fR  of Fab fragments into the second aqueous phase, as well as the unaccounted for 
Fab fragment fR  from the HFM module FE are shown in Figure 8.9.  
 
These results indicate that the predicted and measured fR  followed a similar trend, 
increasing steadily during the first 100 minutes and then stabilising, where a 
measured fR  of 62% was achieved compared to the predicted fR  of 74% from 
mass balances. The amount of Fab fragments unaccounted for during HF module FE 
ranged between 0 and 12% (the propagated error for these values is ± 0.14%), 
suggesting that throughout FE up to 100 minutes an average of 5%. Using a t test 
the differences in the results in Figure 8.9, for FE at 30, 40 and 80 minutes were not 
statistically significant (95% confidence interval). However, between 100 and 180 
minutes at an average of 12% these data could be considered to be statistically 
significant (95%), and hence the Fab fragments adsorbed to the membrane surface 
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Figure 8.9:  Predicted mass balance extraction of Fab fragments into the 
second aqueous phase ( ), measured extraction of Fab 
fragments into the second aqueous phase ( ), and unaccounted 
for Fab fragment percentage ( ) taken at specific time intervals 
during FE in the HF module of 1 mg ml-1 Fab fragments in PB at 
pH 6 (flowing inside the HFM) into a second aqueous phase of PB 
at pH 6 (flowing outside the HFM): flowrate of aqueous phase 
flowing inside the HFM 1.33 ml sec-1 and flowing outside the HFM 
1.18 ml sec-1. 
 
The results from the t test show that the unaccounted for Fab fragment percentage is 
not statistically significant up to 100 minutes of extraction. After this the t test shows 
that the unaccounted for Fab fragment percentage is statistically significant, 
suggesting that the Fab fragment adsorption to the membrane surface and/or their 
entrapment in the membrane pores increased due to phase recirculation over time in 
the HF module. Nonetheless, these finding do not greatly affect the results obtained 
in Figures 8.1 to 8.4, as the extractions all stabilised between 60 and 100 minutes, 
where the loss of Fab fragments was minimal. 
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8.3. WATER CONTENT MEASUREMENTS AND THEIR 
EFFECTS ON THE SIZE OF REVERSE MICELLES 
DURING HF MODULE EXTRACTION 
 
The radius of the water pool ( wpR ) and water content ( oW ) in the isooctane RM 
phase taken at specific time intervals during the HF module extraction of 1 mg ml-1 
Fab fragments using AOT for FE at pH 5 with and without Brij 30, and BE with 
TOMAC at pH 10 from FE at pH 5 with Brij 30, are shown in Table 8.5. Those using 
HDEHP for FE at pH 6 with and without Brij 30, and BE with TOMAC at pH 8 from FE 
at pH 6 with Brij 30, are shown in Table 8.6. The lack of a complete set of values was 
most probably due to the small size of the samples analysed.  
 
Given that the equal volume of the samples removed from each phase during HF 
module extraction had to be small enough to assume that the volume of the solution 
contained by each reservoir was constant during the extraction experiment, the RM 
samples analysed in the Karl Fischer titrator could not exceed the volume of the 
samples removed during extraction. Since these were primarily isooctane (0.00024% 
w/w water), the Karl Fischer titrator did not have enough sample in which to find any 
water, so these values were disregarded. 
 
On the basis of geometric considerations, a oW  value of 18 corresponds to a radius 
of approximately 35 Å (the size of a humanized IgG4 Fab fragment), all oW  values 
greater than 18 suggest that the extracted Fab fragments in these RM phases were 
encapsulated within a single RM. In Table 8.5 this was observed for all RM samples 
taken after FE, where the oW  values were similar throughout the extraction, and the 
addition of Brij 30 did not seem to affect oW , ranging between 19.4 and 23.4 in its 
absence and between 18.9 and 26.7 in its presence. However, all oW  values below 
18 suggest that since the radius of the water pool calculated is smaller than the 
approximate size of a Fab fragment, the extracted Fab fragment in the RM phase 
was likely to be encapsulated via the aggregation of multiple RMs, and this was 
observed for all the RM samples taken after BE with TOMAC, with the exception of 
one. 
Chapter 8 – Extraction of IgG4 Fab Fragments using RMs in a HFM Module 
 241 
Table 8.5:  oW  and wpR  in the isooctane RM phase taken at specific time intervals during the HF module FE at pH 5 AB and 25 mM 
AOT with and without 25 mM Brij 30 and during the HFM module BE with 60 mM TOMAC at pH 10 CB from FE at pH 5 AB 
and 25 mM AOT with 25 mM Brij 30, of 1 mg ml-1 Fab fragments. 
 
                        
   AOT concentration [ 25 mM ] 
            
                     
Sample Time [ minutes ] 10 20 30 40 50 60 80 120 150 
               
                     
After FE  
 Wo 21.5 21.5 19.4  23.0 20.5 23.4 21.7 20.7 
at pH 5 
 Rwp [ Å ] 37.2 37.1 33.9  39.5 35.7 40.0 37.6 36.0 
 
           
After FE with 
 Wo 26.7  22.7 22.1 18.9 25.0    
Brij 30 at pH 5 
 Rwp [ Å ] 45.3  39.0 38.1 33.2 42.6    
 
           
After BE with 
 Wo  15.3 22.0 11.7 10.1  9.4 7.6  
TOMAC at pH 10 
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Table 8.6:  oW  and wpR  in the isooctane RM phase taken at specific time intervals during the HFM module FE at pH 6 PB and 6.25 mM 
HDEHP, and at pH 6 PB and 25 mM HDEHP with and without 25 mM Brij 30 and during the HFM module BE with 60 mM 
TOMAC at pH 8 PPB from FE at pH 6 PB and 25 mM HDEHP with 25 mM Brij 30, of 1 mg ml-1 Fab fragments, where the 
values marked as “-” were disregarded as the Karl Fischer Titrator was unable to read those samples. 
 
                        
   HDEHP concentration [ 6.25 mM ] 
            
                     
Sample Time [ minutes ] 10 20 30 40 50 60 80 100 120 
               
                     
After FE  
 Wo - - -  -     
at pH 6 
 Rwp [ Å ] - - -  -     
 
           
  
                      
 
  
HDEHP concentration [ 25 mM ] 
 
           
 
                    
After FE  
 Wo  0.01 0.01 5.7  6.2    
at pH 6 
 Rwp [ Å ]  3.9 3.9 12.7  13.6    
 
           
After FE with 
 Wo   3.7   0.5    
Brij 30 at pH 6 
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The oW  values generally decreased with time, suggesting that the more Fab 
fragments were transferring into the RM phase, the less aqueous phase was being 
taken up by the RMs. The fact that the oW  values were smaller for the AOT-RM 
samples taken during BE compared to those taken during FE was also observed 
during the HF module extraction of cytochrome-c (section 7.5.), where a FE using PB 
at pH 8.5 and 70 mM AOT in isooctane followed by a BE using PPB at pH 10 with the 
addition of 52 mM TOMAC was carried out. 
 
In Table 8.6 all the oW  values of the RM samples taken during FE with and without 
Brij 30 ranged between 0.01 and 6.2, suggesting that the extracted Fab fragment in 
the RM phase was likely to be encapsulated via the aggregation of multiple RMs. 
During FE without Brij 30, the oW  generally increased with time, suggesting that the 
more Fab fragments were transferring into the RM phase, the more aqueous phase 
was also being taken up by the RMs. The opposite was observed during FE with Brij 
30, as oW  generally decreased with time. However, in both cases the oW  values 
were quite similar and small, which could also be due to the small size of the 
samples analysed, which were made of mostly isooctane (0.00024% w/w water). 
From Tables 8.5 and 8.6, the use of AOT resulted in bigger RMs than HDEHP, which 
is in accordance with previous work (see section 5.4. for AOT and section 6.4. for 
HDEHP). 
 
8.4. STRUCTURAL ANALYSIS 
  
Structural analysis of aqueous samples taken during the HF module extraction 
processes, and aqueous samples at 1 mg ml-1 Fab fragments (stored at – 20 oC until 
analysed) as well as native Fab fragment aqueous samples (fresh, thus stored at 4 
oC until analysed) were carried out using LabChip 90 capillary electrophoresis, GP-
HPLC and IEF (the results of which are shown in APPENDIX I). These showed that 
the native Fab fragments in themselves were not in good structural condition as 
discussed earlier, and that the formation of a miscible precipitate, if any was 
identified, did not significantly affect the structure of Fab fragments or prevent their 
extraction. This implies that the formation of precipitate is not a major problem during 
HF module extraction compared to conventional extraction (see Chapters 5 for AOT 
and 6 for HDEHP), as the amount of precipitate that may have formed was much 
smaller and thus not as influential. In addition, the extraction itself, the type of 
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solvent, buffer salt, pH or surfactant used did not cause any damage to the structure 
of the Fab fragments (the experimental results are shown in APPENDIX I: Table I.2 
for LabChip 90 capillary electrophoresis, Table I.3 for GP-HPLC, Tables I.4 and I.5 
and Figures I.1 and I.2 for IEF). Protein G HPLC was also tested and found to be 
inconclusive due to binding problems, where the reliability of the concentrations 
determined were doubtful (the experimental results that gave peaks ≥ 10 mAU, 
because anything below is considered to be noise can be found in APPENDIX I: 




The true HF module extraction yields of 1 mg ml-1 Fab fragments were determined for 
both AOT and HDEHP in isooctane for the optimal parameters tested, and the use of 
both surfactants was found to be effective, achieving the highest extraction yields for 
AOT of 99% for FE without Brij 30 and 79% for BE without TOMAC, and for HDEHP 
of 23% without Brij 30 for FE and 46% for BE without TOMAC. The aqK  obtained for 
FE and BE were similar, and those for FE were comparable to smaller proteins. HF 
module FE using two aqueous phases showed that the amount of Fab fragments 
adsorbed to the membrane surface and/or stuck in the membrane pores built up from 
very little (5% - not statistically significant) up to 100 minutes to around 12% (which 
was statistically significant) by the end of the run due to the phases being re-
circulated. Water content analysis of the RM phases taken during FE and BE 
confirmed that the extraction processes were successful. Structural analysis showed 
that the Fab fragments in their native state were already somewhat structurally 
damaged upon receipt, and that the formation of a precipitate did not significantly 
structurally affect the Fab fragments or prevent their extraction. Therefore, the use of 
a HF module in a re-circulating mode for the extraction of 1 mg ml-1 Fab fragments 
using AOT and HDEHP was in fact possible and moderate yielding depending on the 
parameters chosen, and resulted in a feasible continuous operation which was more 
cost-effective and less time consuming than the conventional extraction method.  
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CHAPTER 9 




This final chapter gives an overall summary of the various findings from the research 
undertaken on polypeptide extraction using RMs, so as to outline the key conclusions 
of the work and provide a clear understanding of the aspects studied. This summary 
will cover: the FE and BE processes, the effect of surfactant and solvent type, water 
content analysis, structure analysis and the issue of precipitate formation on RM 
extraction of varying sized polypeptides using conventional and HFM module 
extraction, as well as the efficiency and mass transfer performance in HF module 
extraction. The meaning and implications of the main findings are assessed, followed 
by a brief discussion on the core outcome of the research, and suggested future work 
based on the present findings. 
 




The recovery during conventional RM extraction was studied and discussed for 
human IgG4 MAbs in Chapter 4, for humanized IgG4 B72.3 MAb Fab fragments 
using the anionic surfactants AOT in Chapter 5 and HDEHP in Chapter 6, and for 
horse heart cytochrome-c in Chapter 7.  
 
9.2.1.1. Human IgG4 MAbs: RM extraction of human IgG4 at 0.05 mg ml-1 
and 1 mg ml-1 using two anionic surfactants, AOT and HDEHP, in isooctane revealed 
that the use of a higher IgG4 concentration resulted in higher FE, and generally 
better BE compared to when a lower IgG4 concentration was used; this was 
observed for both surfactants. Comparison of conventional BE under the same 
experimental conditions concluded that both AOT and HDEHP gave similarly good 
extractions, resulting in an fE  of up to 99%, with bE  reaching 58% for AOT and as 
high as 92% for HDEHP. Based on the results for human IgG4 at 1 mg ml-1 with 
AOT, a FE pH of 5 was found to be optimum at an AOT concentration of 3.13 mM. 
With HDEHP, a FE at pH 6 was found to be optimum at an HDEHP concentration of 
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1.56 mM. It appeared that the low OE yields at 1 mg ml-1 with both AOT and HDEHP 
were due to IgG4 precipitation at the interface. The water content and radius of the 
water pool in the RM phase in contact with buffer for 1 mg ml-1 IgG4 revealed that the 
AOT-RMs formed were much bigger than those for HDEHP, suggesting that IgG4 
was most likely to be encapsulated via either one big RM or the aggregation of a few 
smaller RMs when using AOT, compared to via the aggregation of several very small 
RMs when using HDEHP. Structural analysis revealed that the main factor damaging 
the IgG4 was the formation of a precipitate layer at the interphase during FE. This 
seemed to damage the IgG4 as well as trap it in the precipitate layer, thus preventing 
it from successfully transferring into the RM phase during FE. It was also confirmed 
that BE was not an issue as no precipitate was found to form during the BE process. 
These results confirmed the potential of AOT and HDEHP RMs for the extraction of 
human IgG4 with isooctane.  
 
9.2.1.2. Humanized IgG4 B72.3 MAb Fab fragments: The ability of RMs 
to extract 1 mg ml-1 humanized IgG4 Fab fragments using two solvents, isooctane 
and corn oil, with and without the addition of a non-ionic surfactant (Brij 30) to FE and 
a counterionic surfactant (TOMAC) to BE was evaluated using the anionic 
surfactants AOT and HDEHP. It was hypothesised that the smaller size of the Fab 
fragments would facilitate the FE and BE processes, and possibly even result in less 
precipitate formation than that of IgG4 MAbs observed in Chapter 4. Initial 
experiments revealed that the low OE yields observed were caused by incomplete 
removal due to Fab fragment precipitation at the interface. Further investigation into 
the precipitate demonstrated that acetone precipitation with an ethanol wash step 
enabled the amount of Fab fragments to be measured in the aqueous phases and 
the interphase precipitate layer formed during FE. This enabled the “true” percentage 
FE, BE and OE to be determined for both surfactants in both solvents for four sets of 
chosen optimal parameters; the true percentage extractions indicated that both 
solvents were equally good. When using AOT, the best extraction yields were 
achieved in the presence of Brij 30 and TOMAC. This was observed for isooctane at 
pH 5 AB and 25 mM AOT for FE followed by BE at pH 8 PPB, resulting in a fR  of 
41%, a bR  of 85% and an oR  of 35%; and for corn oil at pH 6 PB and 3.13 mM AOT 
with (5%)1-hexanol for FE followed by BE at pH 10 CB, generating a fR  of 56%, a 
bR  of 71% and an oR  of 40%. When using HDEHP, TOMAC mainly increased BE at 
pH 8 PPB, while with the addition of Brij 30 to FE, the highest true extraction yields 
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were obtained for isooctane in the absence of Brij 30 and TOMAC, reaching a fR  of 
62%, a bR  of 89% and an oR  of 55%, and for corn oil in the presence of TOMAC, 
reaching a fR  of 57%, a bR  of 59% and an oR  of 34%. Water content analysis in 
the RM phase after FE and BE with or without the addition of Brij 30 and TOMAC, 
showed that RMs formed in both solvents, confirming that extraction was both 
possible and successful.  
 
Structural analysis was first tried using CD which was found not to be suited to the 
buffer conditions used, resulting in inconclusive noisy figures. After this Protein G 
HPLC was tested, where the reliability of the concentrations determined were found 
to be doubtful as obvious binding problems were encountered. However, the use of 
LabChip 90 capillary electrophoresis, GP-HPLC and IEF showed that the main 
problem reducing extraction did not seem to be the extraction itself, the type of 
solvent, buffer salt, pH or surfactant used, but in fact the formation of precipitate at 
the interphase during FE. This was found to have the most damaging affect on the 
structure of the Fab fragments, often causing them to fragment and/or aggregate, as 
well as preventing them from successfully transferring into the RM phase during FE. 
In addition, the structural analysis showed that the native Fab fragment samples 
were not in good structural condition upon receipt as they had formed fragments 
and/or impurities as well as aggregated depending on the batch. On the basis of the 
results obtained, the initial results for the novel extraction technique of humanized 
IgG4 Fab fragment in a vegetable oil (corn oil) as well as in isooctane using HDEHP 
RMs appeared just as promising as those found when using AOT RMs, where AOT 
was found to be better when using corn oil and HDEHP was found to be better when 
using isooctane. However, there are still a number of issues to address before this 
technique can be considered seriously for commercial use. 
 
9.2.1.3. Horse heart cytochrome-c: The ability of RMs to extract horse 
heart cytochrome-c using two anionic surfactants, AOT in isooctane and corn oil, and 
HDEHP in corn oil was evaluated to determine the optimal conditions so as to 
achieve successful extraction yields. It was found that using HDEHP in corn oil was 
feasible and much better than AOT in corn oil, and equally as good as AOT in 
isooctane. The optimal parameters were found for isooctane at pH 8.5 PB and 70 
mM AOT for FE, followed by BE at pH 10 PPB, achieving an fE  of 80% and an bE  
of 91%. TOMAC was added to BE at the chosen optimal parameters for AOT in 
Chapter 9 – Conclusions and Future Work 
 248 
isooctane, and found to generate a reproducible FE, achieving an fE  of 81%, and 
increased the BE yield, achieving an bE  of 98%. Water content analysis of the RM 
phases after FE and BE, showed that RMs formed in both solvents, confirming that 
the extraction processes were successful, with or without the addition of TOMAC to 
BE. Thus, this confirmed the possible use of AOT and HDEHP RMs for the extraction 
of cytochrome-c in isooctane and corn oil.  
 
9.2.2. HFM MODULE DESIGN 
 
The HFM module design was studied for horse heart cytochrome-c in Chapter 7, and 
for humanized IgG4 B72.3 MAb Fab fragments in Chapter 8.  
 
9.2.2.1. Horse heart cytochrome-c: RM extraction in a HF module was 
evaluated and discussed for cytochrome-c using AOT in isooctane at the chosen 
optimal parameters from the conventional method with and without the addition of 
TOMAC to BE. This resulted in 100% FE and a mass transfer coefficient of 12.76*10-
4
 cm s-1; the BE percentages doubled when TOMAC was added resulting in an bE  of 
40%. Water content analysis of the RM phases after FE and BE confirmed that the 
HF module extraction process was successful with or without the addition of TOMAC 
to BE. Therefore, the use of a HFM module for the extraction of cytochrome-c using 
AOT in isooctane was found to be a feasible continuous operation. This was more 
cost-effective and less time consuming than the conventional extraction method.  
 
9.2.2.2. Humanized IgG4 B72.3 MAb Fab fragments: RM HFM module 
extraction in counter-current flow was investigated and discussed, for 1 mg ml-1 
humanized IgG4 B72.3 MAb Fab fragments using two anionic surfactants (AOT and 
HDEHP) in isooctane. This was carried out at the chosen optimal parameters from 
the conventional method, with and without the addition of Brij 30 to FE, and TOMAC 
to BE for AOT, and with and without the addition of Brij 30 for HDEHP, to examine its 
scale-up potential. When using AOT, the highest extraction yields were achieved in 
the absence of Brij 30 and TOMAC, resulting in a fR  of 99% and a aqK  of 2.32*10-4 
cm s-1 for FE at pH 5 AB and 25 mM AOT in isooctane, followed by a bR  of 79% at 
pH 10 CB for BE. When using HDEHP, the highest extraction yields were achieved in 
the absence of Brij 30 for FE, resulting in a fR  of 23% and aqK  of 0.19*10-4 cm s-1 
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for FE at pH 6 PB and 25 mM HDEHP in isooctane, followed by a bR  of 46% at pH 8 
PPB for BE. The extraction yields obtained differed from those using the conventional 
extraction method at the same parameters. It was found that a categorical statement 
on whether the mass transfer rate varied depending on protein size or protein used 
could not be made, as first the reproducibility of HF extractions would need to be 
verified. Secondly, the mass transfer rates of RM extraction for different proteins 
resulted in aqK s of the same order of magnitude independent of what device was 
used. Thus, the extraction processes with HF modules can be seen as quite efficient, 
where the analysis of results in terms of aqK  offers some guidelines on the rate of 
the transport process.  
 
Acetone precipitation with an ethanol wash step was carried out on all aqueous 
samples taken during FE and BE to remove any interference due to surfactants or 
solvents present in the aqueous phase before analysis. HFM module FE using two 
aqueous phases showed that the amount of Fab fragments adsorbed to the 
membrane surface and/or stuck in the membrane pores was not statistically 
significant up to 100 minutes (5%), but was statistically significant from 100 minutes 
onwards (increasing to 12% since the phases were re-circulated). Water content 
analysis of the RM phases taken during FE and BE showed that the use of AOT 
resulted in bigger RMs than HDEHP, and confirmed that HFM module extraction was 
successful for all the parameters tested. The extracted Fab fragments in the RM 
phase were either encapsulated within a single RM, or via the aggregation of multiple 
RMs depending on the parameters chosen. Structural analysis showed that the Fab 
fragments in their native state were already somewhat structurally damaged upon 
receipt. In addition, the formation of a precipitate (if any) did not significantly 
structurally affect the Fab fragments or prevent their extraction, implying that the 
formation of precipitate is not a major problem during HFM module extraction 
compared to conventional extraction. The amount of precipitate that may have 
formed during HFM module extraction was much smaller and thus not as damaging. 
Therefore, the use of a HFM module in a recirculating mode for the extraction of Fab 
fragments was feasible in continuous operation. However, there are still a number of 
issues to address before this technique reaches the standards required (i.e. overall 
extractions between 80 and 90%) to be considered seriously for use as a 
commercially viable process. 
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• The application of RMs to commercially relevant polypeptides was demonstrated 
with human IgG4 MAbs and humanized IgG4 B72.3 MAb Fab fragments. Further 
research in this area should establish the usefulness of RM extraction for a wider 
range of applications. 
 
• The use of Brij 30 and TOMAC was found to be successful for the AOT and 
HDEHP RM extraction of Fab fragments and cytochrome-c depending on the 
parameters chosen. Further studies on the use of such non-ionic and counterionic 
surfactants should be carried out to try and understand as well as describe their 
controlling steps and mechanisms. In addition, in order to extend the range of 
extracted polypeptides, the use of Brij 30 and TOMAC should be studied in more 
depth for the extraction of higher molecular weight polypeptides such as human 
IgG4 MAbs. 
 
• Brij 30 was used as it was expected to enhance FE and decrease precipitation, 
while TOMAC was used to enhance BE yields, however, this was found not to 
always be the case. Thus, it may be of interest to study the effect of Brij 52 and 72 
with smaller polar heads instead of Brij 30, as this should result in bigger RMs and 
maybe even enhance the extraction process, as well as the use of a different 
counterionic surfactants such as DTAB, to see how it compares to TOMAC. In 
addition, the development of a mixed surfactant which can control the formation 
and breakage of RMs and selective solubilisation would be a great help in 
developing a commercial process for extraction. 
 
• Even though a lot of structural analysis methods were not useful due to the Fab 
fragment ligand (TAG-72) required as it was very heterogeneous, large and 
expensive, structural analysis revealed that it was the formation of an interphase 
precipitate that had the most damaging effect on the structure of the Fab 
fragments. Thus, it would be of interest to inject the interphase precipitate layer 
formed during FE into a fresh RM phase and carry out a BE on it, to see if the Fab 
fragments in the precipitate layer can successfully be extracted from it without 
further structural damage. 
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• The formation of a precipitate during FE was found to result in the loss of Fab 
fragments. Thus, methods to prevent or at least reduce precipitate formation during 
extraction such as the use of demulsifiers would be of interest. In addition, it would 
be interesting to determine the activity of Fab fragments after extraction or at least 
to check for possible denaturation using further structural analysis such as Western 
Blot, NMR or Mass Spectroscopy. 
 
9.3.2. HFM MODULE DESIGN 
 
• Even though the OEs for Fab fragments in the HFM were promising depending on 
the parameters chosen (between 5 and 76%), in most cases it was not good 
enough for commercial processes, where OEs between 80 and 90% at the least 
would be required. Thus, more work is needed to understand why the recoveries 
are still relatively low, so as to obtain commercially viable recoveries. 
 
• The ability of HFM module RM extraction from buffer solutions of low molecular 
weight proteins such as cytochrome-c was shown 20 years ago and re-confirmed in 
this work, however that of higher molecular weight polypeptides such as Fab 
fragments was proven in this thesis. It would thus be interesting to consider HFM 
module extraction of even higher molecular weight polypeptides such as human 
IgG4 MAbs, as well as direct HFM module extraction of Fab fragments from 
fermentation broths. 
 
• HFM module extraction was carried out in a re-circulating mode due to the amount 
of Fab fragments needed and their cost. The use of Fab fragment HFM module 
extraction in a once through mode (flowing each phase once through the module) 
would result in more accurate extraction yields and mass transfer rates for the 
process, and thus should be investigated. 
 
• FE and BE in the HFM module were carried out separately, however, past work 
carried out by Cardoso and co-workers (1999) showed that simultaneous FE and 
BE of phenylalanine using two HFM modules in series was feasible. Thus, such an 
experimental set-up should be explored for Fab fragments to evaluate the 
possibility of their continuous extraction. 
 
Chapter 9 – Conclusions and Future Work 
 252 
• The HF module mass transfer coefficients revealed that a categorical statement on 
whether the mass transfer rate varied depending on protein size or protein used 
could not be made, as in this work all the HF extractions were based on single 
experiments, thus the reproducibility of the HF extractions carried out should be 
verified.  
 
• Further research is required to gain a better understanding of the effect of the 
membrane, where a Lewis cell could be used to measure only the interfacial mass 
transfer rate of different polypeptides. 
 
• The HF module mass transfer studies also revealed that gaps still remain, and 
further research is required. A new calculation methodology which uses a one-step 
method to determine the correct development of mass transfer correlations in 
hollow fibre contactors should be further investigated and considered. 
 
• During Fab fragment extraction using the conventional method, the use of corn oil 
was found to be feasible, however, due to its high viscosity corn oil could not be 
used for HFM module extraction. Thus, further investigation into the possibility of 
diluting a vegetable oil with another solvent to decrease its viscosity and then test it 
in HFM module extraction could result in a feasible alternative to isooctane.     
 
9.4. CONCLUDING REMARKS 
 
The potential of using RMs for the extraction of low molecular weight proteins was 
well documented. The present results on the RM extraction of MAbs and their Fab 
fragments using both the conventional and the HFM module extraction methods 
enabled the feasibility of such a process, and its possible scale-up to be judged as 
highlighted in section 9.2., undoubtedly providing a significant contribution to this 
research area. However, further research is still required as briefly highlighted in 
section 9.3., in order to better understand and perfect the process. Due to the 
growing need for larger quantities of protein-based drugs, notably MAbs and their 
Fab fragments, the ultimate aim is to develop a competitive, high yielding, cost-
effective, less time consuming and continuous unit operation to separate these 
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Figure A.1:  UV-Spectrophotometer scan of 1 mg ml-1 IgG4 MAb Fab fragment 





















Figure A.2:  UV-Spectrophotometer scan of 1 mg ml-1 cytochrome-c at pH 7 PB 





FOR FORWARD HFM MODULE REVERSE MICELLAR EXTRACTION 
 
The aqueous control sample at a protein concentration of 1 mg ml-1 
( samplecontrolaqueousC ) has a specific absorbance ( samplecontrolaqueousAbs ) corresponding 
to 1 mg ml-1, thus Equation (B.1) can be set.  
phaseaqueousinitialsamplecontrolaqueoussamplecontrolaqueous CmgmlCAbs ===
−11  (B.1)  
If the aqueous phase after FE is clear then the protein concentration in the aqueous 
phase ( phaseaqueousC ) after FE is calculated using Equation (B.2), by measuring the 





AbsC =  (B.2) 
However if it shows any form of cloudiness compared to how it was before extraction, 
the true amount i.e. the concentration in mg ml-1 of protein in the aqueous phase 
without interferences from residual solvent, surfactant, or salts amongst others 





AbsC =  (B.3) 
The concentration of protein removed from the aqueous phase 
( phaseaqueousfromremovedC ) after FE is calculated using either Equation (B.4) if Equation 
(B.2) was used or Equation (B.5) if Equation (B.3) was used. 
phaseaqueousphaseaqueousinitialphaseaqueousfromremoved CCC −=         (B.4) 
phaseaqueoustruephaseaqueousinitialphaseaqueousfromremoved CCC −=   (B.5)  
The concentration of protein in the RM (organic) phase ( phaseorganicC ) after FE is 
calculated using Equation (B.6). 
phaseaqueousfromremovedphaseorganic CC =  (B.6) 
The percentage removal from the aqueous phase during FE 






R =  (B.7) 
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where the percentage removal into the RM phase after FE ( [ ] phaseorganicthetoinfR % ) 






R =  (B.8) 
where the percentage removal into the RM phase after FE is also expressed using 
Equations (B.7) and (B.8), resulting in Equation (B.9). 
[ ] [ ] phaseaqueousthefromfphaseorganicthetoinf RR %% =        (B.9) 
 
FOR BACKWARD HFM MODULE REVERSE MICELLAR EXTRACTION 
 
As for forward HFM module RM extraction, Equation (B.1) is set. If the aqueous 
phase after BE is clear then the protein concentration in the aqueous phase 
( phaseaqueousC ) after BE is calculated using Equation (B.10), by measuring the 





AbsC =  (B.10) 
However if it shows any form of cloudiness compared to how it was before extraction, 
the true concentration of protein in the aqueous phase without interferences from 
residual solvent, surfactant, or salts amongst others ( phaseaqueoustrueC ) after BE is 







where the concentration of the RM phase after FE ( extractionforwardafterphaseorganicC ) is 
equal to the concentration of protein in the RM phase ( phaseorganicC ) after FE 
calculated in Equation (B.6); and where the absorbance of the RM phase after FE 
( extractionforwardafterphaseorganicAbs ) is calculated using Equation (B.12). 
samplecontrolaqueousextractionforwardafterphaseorganicextractionforwardafterphaseorganic AbsCAbs =  
(B.12) 
The percentage removal from the RM phase during BE ( [ ] phaseorganicthefrombR % ), is 
determined using Equation (B.13) or Equation (B.14) depending whether the 














R =  (B.14) 
where the percentage removal into the aqueous phase during BE 
( [ ] phaseaqueousthetoinbR % ), is identical to Equation (B.13) or Equation (B.14) 
depending whether the aqueous phase was clear or not and thus can be expressed 
using Equation (B.15). 
[ ] [ ] phaseaqueousthetoinbphaseorganicthefromb RR %% =        (B.15) 
 
FOR OVERALL HFM MODULE REVERSE MICELLAR EXTRACTION 
 
As for forward HFM module RM extraction, Equations (B.1), (B.2) or (B.3) also apply. 
The total overall percentage removal during FE and BE ( [ ]TOTALoR % ), if the aqueous 
phase after BE is clear then the protein concentration in the aqueous phase 
( phaseaqueousC ) after BE is calculated using Equation (B.2). However if it shows any 
form of cloudiness compared to how it was before extraction, the true concentration 
of protein in the aqueous phase without interferences from residual solvent, 
surfactant, or salts amongst others ( phaseaqueoustrueC ) after BE is calculated using 
Equation (B.3) instead, this can be expressed as either Equation (B.16) or Equation 












R =        (B.17) 
where the concentration of the initial aqueous phase ( phaseaqueousinitialC ) is the 
concentration of protein in the aqueous phase at the start before FE, which is shown 
in Equation (B.1). The total overall percentage removal into the other phases during 
FE and BE ( [ ] phaseotherthetoinTOTALoR % ), can be said to be equal to the total overall 
percentage removal during FE and BE ( [ ]TOTALoR % ), and therefore can be expressed 
using Equation (B.18). 
[ ] [ ] phaseotherthentoiTOTALoTOTALo RR %% =       (B.18) 
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FOR CONVENTIONAL FORWARD REVERSE MICELLAR EXTRACTION 
 
As for forward HFM module RM extraction, Equations (B.1), (B.2) or (B.3), and (B.4) 
or (B.5)  also apply. The concentration of protein in the precipitate layer at the 







The concentration of protein in the RM (organic) phase ( phaseorganicC ) after FE is 
calculated using Equation (B.20). 
eprecipitatterphaseinphaseaqueousfromremovedphaseorganic CCC −=  (B.20) 
As for forward HFM module RM extraction, Equation (B.7) also applies. The 
percentage removal into the precipitate layer at the interphase 






R =        (B.21) 
As for forward HFM module RM extraction, Equation (B.8) also applies. Where the 
percentage removal into the RM phase after FE is also expressed using Equations 
(B.7), (B.8) and (B.21), resulting in Equation (B.22). 
[ ] [ ] [ ] eprecipitatterphaseinthetoinfphaseaqueousthefromfphaseorganicthetoinf RRR %%% −= (B.22) 
 
FOR CONVENTIONAL BACKWARD REVERSE MICELLAR EXTRACTION 
 
As for backward HFM module RM extraction, Equations (B.1), (B.10), (B.11), (B.12), 
(B.13), (B.14) and (B.15) also apply. 
 
FOR CONVENTIONAL OVERALL REVERSE MICELLAR EXTRACTION 
 
As for overall HFM module RM extraction, Equations (B.1) and (B.2) or (B.3), and as 
for conventional forward reverse micellar extraction, Equation (B.19) also apply. The 
total concentration of protein in the aqueous phase and in the precipitate in the 
interphase after both FE and BE ( )( eprecipitatterphaseinphaseaqueousTOTALC + ) is calculated 




eprecipitatterphaseinphaseaqueouseprecipitatterphaseinphaseaqueousTOTAL CCC +=+ )(  (B.23) 
eprecipitatterphaseinphaseaqueoustrueeprecipitatterphaseinphaseaqueousTOTAL CCC +=+ )(     (B.24) 
The total overall percentage removal after both FE and BE ( [ ]TOTALoR % ), is 
determined using Equation (B.25). 





R +=  (B.25) 
where the concentration of the initial aqueous phase, phaseaqueousinitialC , is the 
concentration of protein in the aqueous phase at the start before FE, which is shown 
in  Equation (B.1). The total overall percentage removal into the precipitate layer at 
the interphase after both FE and BE ( [ ] eprecipitatterphaseinthetoinTOTALoR % ), is 






R =  (B.26) 
where the concentration of the initial aqueous phase ( phaseaqueousinitialC ) is the 
concentration of protein in the aqueous phase at the start before FE, which is shown 
in Equation (B.1); and where the concentration of protein in the precipitate layer at 
the interphase ( eprecipitatterphaseinC ) is the one after FE (since no precipitate was 
observed at the interphase after BE) and shown in Equation (B.19). As for overall 
HFM module RM extraction, Equation (B.16) or Equation (B.17) (where 
[ ] [ ] phaseotherthentoiTOTALoTOTALo RR %% =  from Equation (B.18)) depending whether 
the aqueous phase after BE was clear or not, also apply. Finally the total overall 
percentage removal after both FE and BE ( [ ]TOTALoR % ) from Equation (B.25) is also 
expressed using Equations (B.26) and (B.16)  or (B.17), resulting in Equation (B.27). 
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Figure C.5:  Aqueous calibration curve for FE at pH 5 AB for humanized IgG4 
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Figure C.6:  Aqueous calibration curve for FE at pH 7 PB for humanized IgG4 











0.00 0.05 0.10 0.15 0.20 0.25














Figure C.7:  Aqueous calibration curve for BE at pH 8 PPB for humanized IgG4 
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Figure C.8:  Aqueous calibration curve for BE at pH 10 CB for humanized IgG4 
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Figure C.13:  Scan of isooctane RM phase at the end of FE for 25 mM AOT at 



























Figure C.14:  Scan of isooctane RM phase at the end of FE for 25 mM HDEHP 




























Figure C.15:  Scan of corn oil RM phase at the end of FE for 25 mM AOT at pH 



























Figure C.16:  Scan of corn oil RM phase at the end of FE for 25 mM HDEHP at 





HFM MODULE RIG DESIGN AND CONSTRUCTION  
 
Each circuit is composed of a pump (520S/R Watson Marlow pumps (UK)) and a 500 
mL Erlenmeyer flask connected by ¼” stainless steel tubing with stainless steel 
connections, where Fluorel tubing (Watson Marlow (UK)) was used to join the two 
side openings of the MiniModule® to the ¼” stainless steel tubing so as to allow 
movement and avoid any cracking as the module is made of Polycarbonate. The 
flasks were sealed with rubber bungs, each with two holes (one for the 1/4” stainless 
steel tube and one for sampling), where the sampling hole had a stopper so that it 
could be kept closed while running the experiments. This set-up could have been 
assembled for either co-current or counter-current flow and was designed to host any 
liquid-liquid extraction. However a counter-current flow was chosen, where the 
aqueous solutions flow inside the fibres (lumen side) and the organic solutions flow 
outside the fibres (shell side). To try and reduce or even avoid emulsion formation, 
pressure controls were used; where the pressure on each side of the modules was 
adjusted by means of two needle point valves and measured with a total of four in 
line pressure gauges (0-15 psi from Swagelok (UK)). Each circuit is equipped with 
one pressure gauge  at the entrances of the modules and another one at their exits. 
In order to improve the reproducibility of the flowrate measurements, one flowmeter 
(rotameters with Teflon O-rings from C.K. gas Product Ltd (UK)) was added to each 
circuit, downstream of the modules; where the flowrates are set by the same pumps 
as the ones described here above. These rotameters had to be calibrated for every 
liquid used. Since, the rig and modules would need to be cleaned daily, it was 
paramount to be able to detach the two pumps and attach two lubricated rotary vane 
vacuum pumps supplied with an attached vacuum gauge (from BPA (UK) Limited). 
Therefore, Fluorel tubing was used to allow easy removal of the pumps from the rig. 
The whole rig was mounted on a support made out of non corrosive metal so that it 
could stand alone, where the pumps and flasks were not bolted onto the support so 
that they could be disconnected if needed. This support was built based on the 
diagram of Figure D.1, which shows a solid metal base upon which the pumps and 
Erlenmeyer flasks are placed. Two thick metal rods were bolted to this solid metal 
base (one on each side) to which a solid metal “flat sheet style” vertical backing was 
bolted. It is on this backing that the rig was built, which enabled the rig to be moved 





Figure D.1: Design of experimental set-up with pressure control using     
MiniModule® 1 x 5.5 in counter-current flow with backing. 
 
FINDING A MASS TRANSFER MEDIUM FOR HFM MODULES 
 
In order to model mass transfer in a HFM module, theoretical equations were 
derived. These theoretical equations lead to a mathematical expression for the mass 
transfer coefficient given as Equation (D.37). This is a very broad derivation for aqK , 
which is independent of the phases used during FE and BE. Consider a HFM module 
where two separate phases flow in a counter-current mode. The two solution phases 
are recycled to the reservoirs shown in Figure D.1,  where a solute is extracted from 
one phase into the other. The result of the calculations is the time variation of the 
solute concentration in the reservoir for the inside phase. It is not essential to state 
the direction of transport of the solute, its concentration in the inside phase may 
increase or decrease. The calculations involve a series of mass balance on different 
parts of the system: A) A mass balance on one segment of a fibre, B) A balance on 
the entire module, C) A balance on the two reservoirs, and D) A mass balance on the 
reservoir containing the inside (aqueous) phase. 
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A) Beginning with a mass balance on a different length of a single fibre presented in 
Figure D.2, where the module is assumed to work at steady state. 
 







































−+= pipi   (D.1) 
with the boundary conditions at 0=z ,  0aq
z




aq cc =   (D.2) 
Here zaqc  is the inside concentration of the solute and 
*z
aqc  is the concentration of 
solute at the fibre wall which would be in equilibrium with the outside 
concentration, zorgc , at that same position, z . The superscript z  denotes the fact that 
all the concentrations are a function of the position along the fibre. This equation is 
true at any time t . The phases were assumed to be in equilibrium at the interface in 
the membrane. Thus, *zaqc  can be expressed in terms of 
z
orgc  and the partition 




org Hcc =   (D.3) 
where for FE the partition coefficient, will be written as fH , for BE the partition 
coefficient, will be written as bH , and for OE the partition coefficient, will be written 





























=   (D.3c) 
One equation in addition to (D.3) is required to integrate equation (D.2), which is 
obtained from the subsequent mass balance on the HFM module. 
 
B) In order to relate zaqc  to zorgc , a mass balance on a segment of the module is 
made. 

































aq −=0   (D.4) 

















0   (D.5) 
then you get 
( ) ( )000 orgzorgorgaqzaqaq ccQccQ −−−=   (D.6) 
If Lz = , then this equation becomes 
( ) ( )000 orgLorgorgaqLaqaq ccQccQ −−−=   (D.7) 
By recalling that *zaq
z













































c   (D.10) 
Combining Equations (D.1) and (D.10) and integrating 





















































































































































































































































































































expτ   (D.17) 
where Laqc  denotes the concentration at the end of the module, Lz = . Equation 
(D.16) gives the concentration of solute through the whole module in a single pass as 
a function of the geometrical characteristics of the module, the mass transfer 
coefficient and the flowrates. This expression is correct when the module operates 




C) The flow of the inside aqueous solution was assumed to be flowing in the opposite 
direction to the outside organic solution as the flow is counter-current. Consequently, 
in the mass balance on the reservoirs, assuming the volumes of the reservoir is 
much larger than the volume of the module. Therefore, the reservoir concentration 
changes much slower than the module concentration. In other words, the module 
operates close to steady state. Thus, a mass balance on the two reservoirs is written, 






























  (D.18) 
subject to boundary conditions at 0=t , ( )000 aqaq cc = , ( )0LorgLorg cc =  and at tt = , 
00




org cc =   (D.19) 
Integrating is straight forward 





cc −−=−   (D.20) 
The working equations are Equations (D.7), (D.16) and (D.20) which depend on four 




aqc  and 
L
orgc . In order to solve this system of equations with four 
unknowns a fourth working equation is needed. 
 
D) This last equation is obtained by a mass balance on the reservoir containing the 
inside aqueous phase. 










( )00 aqLaqaqaqaq ccQdt
dc
V −=   (D.21) 
with the boundary condition at 0=t , ( )000 aqaq cc =   (D.23) 
The system of four equations with four unknowns consists of Equations (D.7), (D.16), 
(D.20) and (D.21). After an extra step to eliminate Lorgc  between Equations (D.7), 
(D.16) and (D.20) by replacing Lorgc  by using the appropriate relation LaqLorg Hcc =  (i.e. 
Equation (D.3)); Equations (D.7), (D.16), (D.20) and (D.21) can be solved.   
From Equation (D.20) 
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cc −−=   (D.23) 






cc −+= 00   (D.24) 
then 











cc −+−−= 0000 00   (D.25) 
From Equation (D.16) 
( ) ( )( ) ( )


















































































































10 000   
 (D.27) 
then 


































Qcc       (D.28) 
From Equation (D.21) 
















































































































































( )( ) ( )





















































































 is defined by 





























































  (D.32) 
then 























































































































































































































































































  (D.36) 





















































































∆  is slope
1







 versus time, t ), and 
the velocity of the fluid, aqv , (cm/sec) is determined from the following equation 















==   (D.39) 
Notice that aqK  is accessible to experiment. The concentration difference between 
the two reservoirs should vary exponentially with time. If the concentrations of solute 







 versus time, t , 
should give a straight line, the slope of which leads to the mass transfer coefficient, 
aqK .  



































  (D.40) 
It must be noted that these equations are valid regardless of whether the aqueous 
solution flows on the inside or the outside of the hollow fibres. The inverse of the 
mass transfer coefficient shown in the above equations represents the overall 
resistance to mass transfer; where it is assumed that the overall mass transfer 
coefficient of the protein from the feed aqueous phase into the organic RM phase in a 
membrane device is made up of three sequential steps. In other words, in order for 
the solute to diffuse from one side of the fibre wall to the other side, it faces three 






Figure D.3: Schematic diagram of the three resistances in series which 
makeup the mass transfer mechanism, where the aqueous phase 
flows inside the fibres. 
 
First, the proteins are transported from the bulk aqueous feed phase to the interface 
with the membrane through the boundary layer. In this first step, the flux per unit 
area, aqN , can be written as 
( )iaqaqaqaq ccKN −=   (D.41) 
Where aqK  is the mass transfer coefficient in the feed aqueous side,  aqc  is the total 
solute concentration in the bulk phase, and iaqc  is the total solute concentration in 
the interface. Since the membrane used is hydrophobic, the pores are filled with the 
RM phase. Therefore, in the second step, the solute partitions into the RM phase and 
must find its way through the pores of the membrane. The partition coefficient is 
therefore defined as the total solute concentration in the RM organic phase over that 





H =   (D.42) 
The flux through the membrane can be expressed as  
( )iorgmemiaqorgmemmem ccKN −=   (D.43) 
Where memK  is the membrane mass transfer coefficient,  iaqorgc  is the total solute 
concentration at the interface of the feed and RM phases, and iorgmemc  is the total 
solute concentration at the interface of the RM phase with the membrane. 
In the third step, the solute dissolves from the liquid contained inside the membrane 
pores into the stripping solution and diffuses away from the wall into the bulk of this 




orgiorgmemorgorg ccKN −=   (D.44) 
Where orgc  is the solute concentration in the bulk RM phase and orgK  is the mass 











KN orgaq   (D.45) 
Where K  is the overall mass transfer coefficient, which has been defined with 
respect to the inside aqueous concentration (i.e. aqKK =  ). Quantitatively, each 
resistance to mass transfer is the inverse of an individual mass transfer coefficient. 
Therefore, by combining Equations (D.41), (D.42), (D.43), (D.44) and (D.45), the 
overall mass transfer coefficient can be linked to the individual mass transfer 
coefficients and expressed as  
orgmemaq HKHKKK
1111
++=   (D.46) 
In this case, where counter-current flow in the module is used and where the 
aqueous phase flows inside the fibres, Equation (D.32) is slightly different for FE, BE 
and OE. Given that the volumes in the aqueous and RM phases are equal and that 
the initial solute concentration in the RM phase is zero, Equation (D.32) can be 


















































  (D.47) 
Given that the volumes in the aqueous and RM phases are equal and that the initial 
solute concentration in the aqueous phase is zero, Equation (D.32) can be simplified 



















































  (D.48) 
Therefore, the variation of the solute concentration in the aqueous phase versus time 
should be linear, where the slope gives the overall mass transfer coefficient, aqK , 
from Equation (D.37), where aqKK = . This is valid for FE, BE and OE. 
Appendices 
 306 
FLOWMETER AND PUMP CALIBRATION 
 

























Linear (Stainless Steel Float)
 
 
Figure D.4:  Flowmeter calibration for both the steel and glass floats when DI 
water was flown inside the fibres. 
 
y = 26.478x + 5.7662
R2 = 0.9906























Linear (Stainless Steel Float)
 
 
Figure D.5:  Flowmeter calibration for both the steel and glass floats when 
isooctane was flown outside the fibres. 
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Figure D.6:  Pump calibration using the flowmeter glass floats when DI water 






























Figure D.7:  Pump calibration using the flowmeter glass floats when DI water 







Table E.1:  Protein A HPLC measured peak heights and concentrations and UV-Spectrophotometer measured concentrations of IgG4 
in the aqueous phase taken before and after FE for the chosen optimal parameters using AOT and HDEHP. 
 
Aqueous Height Total concentration  Total concentration [mg mL-1] UV-Spectrophotometer 
sample   [mAU] [mg mL-1] extinction coefficient corrected concentration [mg mL-1] 
Ideal parameters chosen for AOT 
At 1 mg mL-1 997.455 0.73 1.43 0.998 
After forward extraction 13.743 0.003 0.003 0.005 
Ideal parameters chosen for HDEHP 
At 1 mg mL-1 698.688 0.50 0.98 1.003 





Table E.2:  LabChip 90 capillary electrophoresis measured migration times, heights, size, species and comments of human IgG4 
aqueous phase samples taken before and after FE for the chosen optimal parameters using AOT and HDEHP. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 21.5 307.2 121.5 - Ladder peak closest to IgG4 (kDa) 
Ideal parameters chosen for AOT 
At 1 mg mL-1 23.2 708.5 138.6 Fragment 1 One fragment peak with two fragment 
 23.9 560.5 151.5 Fragment 2 summits fused to the monomer peak 
 24.2 3854.0 157.0 Monomer  
After forward extraction 24.0 28.6 151.7 Fragment One peak with two summits (fragment 
 24.5 317.9 160.6 Monomer and monomer) 
Ideal parameters chosen for HDEHP 
At 1 mg mL-1 23.1 600.9 137.7 Fragment 1 One fragment peak with two fragment 
 23.8 1175.5 149.4 Fragment 2 summits fused to the monomer peak 
 24.1 5288.3 154.3 Monomer  
After forward extraction 23.1 519.5 135.9 Fragment 1 One fragment peak with two fragment 
 23.8 889.7 147.8 Fragment 2 summits fused to the monomer peak 





Table E.3:  GP-HPLC measured species, retention times, heights, response, response percentage, total response, GP-HPLC total 
concentration, UV-Spectrophotometer concentration and molecular weight of human IgG4 aqueous phase samples taken 
before and after FE as well as after BE for the chosen optimal parameters using AOT and HDEHP. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample  [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
Ideal parameters chosen for AOT 
At 1 mg mL-1 Aggregate 6.87 28.43 820.01 23.49 3490.57 1.000 0.998 347 
 Monomer 8.06 123.37 2670.56 76.51    132 
 Sum of fragments - - - -    - 
After FE Aggregate 6.69 0.23 8.00 9.96 80.38 0.023 0.005 403 
 Monomer 8.06 3.29 72.37 90.04    133 
 Sum of fragments - - - -    - 
After BE Aggregate 6.54 0.18 7.77 100.00 7.77 0.002 0.003 453 
 Monomer - - - -    - 
 Sum of fragments - - - -    - 
Ideal parameters chosen for HDEHP 
At 1 mg mL-1 Aggregate 6.86 19.65 615.63 17.91 3437.73 1.000 1.003 351 
 Monomer 8.06 129.80 2822.10 82.09    133 
 Sum of fragments - - - -    - 
After BE Aggregate 8.08 0.28 7.31 100.00 7.31 0.002 0.004 131 
 Monomer - - - -    - 





Figure E.1:  IEF gel of human IgG4 aqueous samples at 1 mg ml-1, where Lane 1 
is the reference standard, Lane 2 is the aqueous samples at 1 mg 
ml-1 of human IgG4 MAbs at pH 5 AB and Lane 3 is the aqueous 
samples at 1 mg ml-1 of human IgG4 MAbs at pH 6 PB. 
 
 
Table E.4:  IEF interpretation of gel and results, where lane, sample, pI range, 
number of bands and comments of human IgG4 aqueous samples 
at 1 mg ml-1 taken before FE for the chosen ideal parameters using 
AOT and HDEHP are specified. 
 
Lane Sample pI range Number of bands Comment 
1 Reference standard 6.55-8.15 11 All pI marker bands are visible 
    in the range of interest 
Ideal parameters chosen for AOT in acetate buffer at pH 5 
2 Aqueous sample at 1 mg mL-1 6.55-6.85 3 Two light bands and 
    one faded band 
Ideal parameters chosen for HDEHP in phosphate buffer at pH 6 
3 Aqueous sample at 1 mg mL-1 6.55-6.85 3 Three dark bands, faded smudging above 
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Figure F.1:  Effect of shaking and acetone precipitation on UV-
Spectrophotometer absorptions between 190 and 600 nm of 1 mg 
ml-1 IgG4 Fab fragment aqueous and aqueous blank samples at pH 
5 AB: 1 mg ml-1 Fab fragment sample as is (-) and shaken and 
centrifuged (-), blank sample shaken and centrifuged (-), and at pH 
6 PB: 1 mg ml-1 Fab fragment sample as is (-), and shaken and 
centrifuged (-), blank sample shaken and centrifuged (-). 
 
Table F.1:  Sample concentrations determined from their corresponding Fab 
fragment aqueous calibration curves for the sample absorbances 
measured at 280 nm on the UV-Spectrophotometer. 
 
Aqueous UV-Spectrophotometer 
sample concentration [mg mL-1] 
Acetate buffer at pH 5 
Blank 0.00 
Blank shaken and centrifuged 0.01 
At 1 mg mL-1 1.01 
At 1 mg mL-1 shaken and centrifuged 1.04 
Phosphate buffer at pH 6 
Blank -0.01 
Blank shaken and centrifuged 0.00 
At 1 mg mL-1 0.91 




Table F.2:  oW  and wpR  in both the isooctane and corn oil RM phases as a 
function of AOT concentration (1.56 to 50 mM) with and without the 
addition of 25 mM Brij 30. 
 
         
  
 AOT concentration [ mM ] 
  
             
  
       
Organic phase 
 
 50 25 12.5 6.25 3.13 1.56 
 
                
 
        
AOT in isooctane 
 Wo 5.7 6.2 17.6 14.5 18.4 8.6 
 
 Rwp [ Å ] 12.8 13.5 31.2 26.4 32.4 17.3 
 
        
AOT in isooctane  
 Wo 0.6 1.1 2.0 3.1 5.8 7.4 
with 25 mM Brij 30 
 Rwp [ Å ] 4.8 5.6 6.9 8.7 12.9 15.4 
 
        
AOT with (5%)1-hexanol  
 Wo 0.8 4.5 3.9 4.5 8.7 14.4 
in corn oil 
 Rwp [ Å ] 5.1 10.9 9.9 10.9 17.3 26.2 
 
        
AOT with (5%)1-hexanol in 
 Wo 0.5 1.3 2.4 3.6 6.8 9.6 
corn oil with 25 mM Brij 30 
 Rwp [ Å ] 4.6 5.9 7.7 9.5 14.4 18.8 
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Figure F.2:  Effect of adding 25 mM Brij 30 to FE on the aqueous samples and 
on precipitate formation at the interphase at pH 5 AB and 25 mM 
AOT in isooctane: for aqueous samples after FE without (-) and 
with  (-) Brij 30, and for FE interphase precipitate samples without 
(-) and with (-) Brij 30, and using (5%)1-hexanol at pH 5 AB and 12.5 
mM AOT in corn oil: for aqueous samples after FE without (-) and 
with (-) Brij 30. 
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Table F.3:  Sample concentrations determined from their corresponding Fab 
fragment aqueous calibration curves for the sample absorbances 
measured at 280 nm on the UV-Spectrophotometer. 
 
Aqueous UV-Spectrophotometer 
sample concentration [mg mL-1] 
Forward extraction using acetate buffer at pH 5 and 25 mM AOT in isooctane 
Aqueous sample after forward extraction without Brij 30 0.30 
Forward extraction interphase precipitate sample without Brij 30 0.07 
Aqueous sample after forward extraction with 25 mM Brij 30 0.68 
Forward extraction interphase precipitate sample with 25 mM Brij 30 0.07 
Forward extraction using (5%)1-hexanol acetate buffer at pH 5 and 12.5 mM AOT in corn oil 
Aqueous sample after forward extraction without Brij 30 1.15 
Aqueous sample after forward extraction with 25 mM Brij 30 1.13 
 
 
Table F.4:  oW  and wpR  in the isooctane RM phase as a function of pH (pH 5) 
and AOT concentration (25 mM) with and without the addition of Brij 
30, and in the corn oil RM phase as a function of pH (pH 5) and AOT 
concentration (12.5 mM) + (5%)1-hexanol with and without the 
addition of Brij 30. 
 
     
Organic phase 
  
Without Brij 30 With 25 mM Brij 30 
  
        
 
    
25 mM AOT  
 Wo 40.4 49.1 
in isooctane at pH 5 
 Rwp [ Å ] 66.5 80.0 
 
    
12.5 mM AOT with (5%)  
 Wo 8.4 6.0 
1-hexanol in corn oil at pH 5 
 Rwp [ Å ] 16.9 13.2 
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Figure F.3:  Effect of acetone precipitation with an ethanol wash step, and of 
adding acetone and/or ethanol to the UV-Spectrophotometer scans 
between 190 and 600 nm for samples at pH 5 AB, except for a pure 
acetone (-), ethanol (-), and acetone and ethanol sample (50-50) (-) 
sample: aqueous samples with 0.1 (-) and 1 (-) mg mL-1 Fab 
fragments, with 1 mg mL-1 Fab fragments acetone precipitated with 
an ethanol wash step and re-diluted with buffer (-), with 100 (-) and 
50 (-) mM acetone, with 100 (-) and 50 (-) mM ethanol, with 100 (-) 
and 50 (-) mM acetone and ethanol, with 100 (-) and 50 (-) mM 
acetone and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM 
ethanol and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM 
acetone and ethanol and 1 mg mL-1 Fab fragments, and FE 
interphase precipitate sample for AOT in isooctane (extraction was 
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Figure F.4:  Effect of acetone precipitation with an ethanol wash step, and of 
adding acetone and/or ethanol to the UV-Spectrophotometer scans 
between 190 and 600 nm for samples at pH 6 PB, except for a pure 
acetone (-), ethanol (-), and acetone and ethanol sample (50-50) (-) 
sample: aqueous sample with 0.1 (-) and 1 mg mL-1 Fab fragments 
(-), with 1 mg mL-1 Fab fragments acetone precipitated with an 
ethanol wash step and re-diluted with buffer (-), with 100 (-) and 50 
(-) mM acetone, with 100 (-) and 50 (-) mM ethanol, with 100 (-) and 
50 (-) mM acetone and ethanol, with 100 (-) and 50 (-) mM acetone 
and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM ethanol 
and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM acetone 
and ethanol and 1 mg mL-1 Fab fragments, and FE interphase 
precipitate sample for AOT in corn oil (extraction was carried out 
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Figure F.5: Effect of acetone precipitation with an ethanol wash step, and of 
adding acetone and/or ethanol to the UV-Spectrophotometer scans 
between 190 and 600 nm for samples at pH 8 PPB, except for a 
pure acetone (-), ethanol (-), and acetone and ethanol sample (50-
50) (-) sample: aqueous sample with 0.1 (-) and 1 mg mL-1 Fab 
fragments (-), with 1 mg mL-1 Fab fragments acetone precipitated 
with an ethanol wash step and re-diluted with buffer (-), with 100 (-) 
and 50 (-) mM acetone, with 100 (-) and 50 (-) mM ethanol, with 100 
(-) and 50 (-) mM acetone and ethanol, with 100 (-) and 50 (-) mM 
acetone and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM 
ethanol and 1 mg mL-1 Fab fragments, and with 100 (-) and 50 (-) 
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Figure F.6: Effect of acetone precipitation with an ethanol wash step, and of 
adding acetone and/or ethanol to the UV-Spectrophotometer scans 
between 190 and 600 nm for samples at pH 10 CB, except for a 
pure acetone (-), ethanol (-), and acetone and ethanol sample (50-
50) (-) sample: aqueous sample with 0.1 (-) and 1 mg mL-1 Fab 
fragments (-), with 1 mg mL-1 Fab fragments acetone precipitated 
with an ethanol wash step and re-diluted with buffer (-), with 100 (-) 
and 50 (-) mM acetone, with 100 (-) and 50 (-) mM ethanol, with 100 
(-) and 50 (-) mM acetone and ethanol, with 100 (-) and 50 (-) mM 
acetone and 1 mg mL-1 Fab fragments, with 100 (-) and 50 (-) mM 
ethanol and 1 mg mL-1 Fab fragments, and with 100 (-) and 50 (-) 





Table F.5:  Sample concentrations determined from Fab fragment aqueous calibration curves in the same buffer for the sample 
absorbances measured at 280 nm on the UV-Spectrophotometer in the presence and absence of Fab fragments. 
 
 Acetate buffer at pH 5 Phosphate buffer at pH 6 Potassium phosphate buffer at pH 8 Carbonate buffer at pH 10 
Sample UV-Spec. conc. [mg mL-1] UV-Spec. conc. [mg mL-1] UV-Spec. conc. [mg mL-1] UV-Spec. conc. [mg mL-1] 
Aqueous 0.1 mg mL-1 Fab 0.10 0.11 0.09 0.08 
Aqueous 1 mg mL-1 Fab + acetone precipitation 0.97 1.09 0.92 0.82 
Aqueous 1 mg mL-1 Fab 0.91 0.97 0.85 0.75 
Aqueous samples + 100 mM acetone 0.73 1.03 1.13 0.89 
Aqueous + 50 mM acetone 0.27 0.29 0.29 0.33 
Aqueous + 100 mM ethanol 0.03 0.00 -0.01 -0.01 
Aqueous + 50 mM ethanol 0.00 -0.05 -0.01 0.09 
Aqueous + 100 mM acetone and 100 mM ethanol 0.66 0.59 0.55 0.58 
Aqueous + 50 mM acetone and 50 mM ethanol 0.48 0.56 0.25 0.34 
Aqueous 1 mg mL-1 Fab + 100 mM acetone 1.10 1.05 0.93 0.85 
Aqueous 1 mg mL-1 Fab + 50 mM acetone 1.03 0.97 0.91 0.84 
Aqueous 1 mg mL-1 Fab + 100 mM ethanol 0.98 0.93 0.88 0.74 
Aqueous 1 mg mL-1 Fab + 50 mM ethanol 0.91 0.94 0.89 0.78 
Aqueous 1 mg mL-1 Fab + 100 mM acetone and 100 mM ethanol 1.10 1.08 0.93 0.84 
Aqueous 1 mg mL-1 Fab + 50 mM acetone and 50 mM ethanol 1.10 1.08 0.96 0.87 
FE interphase precipitate (AOT-isooctane at 1 mg mL-1 Fab) 0.12 - - - 
FE interphase precipitate (AOT-corn oil at 1 mg mL-1 Fab) - 0.04 - - 
Pure acetone - 1.20 - - 
Pure ethanol - 1.15 - - 
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Figure F.7:  CD spectrum of FE at pH 5 AB and 25 mM AOT in isooctane 
intended for BE at pH 10 CB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure F.8:  CD spectrum of BE at pH 10 CB after FE at pH 5 AB and 25 mM 
AOT in isooctane for BE aqueous samples from: normal BE (-) and 
BE with TOMAC (-) after normal FE, normal BE (-) and BE with 
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Figure F.9:  CD spectrum of FE at pH 5 AB and 25 mM AOT in isooctane 
intended for BE at pH 8 PPB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure F.10:  CD spectrum of BE at pH 8 PPB after FE at pH 5 AB and 25 mM 
AOT in isooctane for BE aqueous samples from: normal BE (-) 
and BE with TOMAC (-) after normal FE, normal BE (-) and BE 
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Figure F.11:  CD spectrum of FE using (5%)1-hexanol at pH 6 PB and 3.125 mM 
AOT in corn oil intended for BE at pH 10 CB for FE aqueous 
samples from: normal FE for normal BE (-) and for BE with 
TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
TOMAC (-), and interphase precipitate samples from: normal FE 
for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
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Figure F.12:  CD spectrum of BE at pH 10 CB after FE using (5%)1-hexanol at 
pH 6 PB and 3.125 mM AOT in corn oil for BE aqueous samples 
from: normal BE (-) and BE with TOMAC (-) after normal FE, 
normal BE (-) and BE with TOMAC (-) after FE with Brij 30, 
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Figure F.13:  CD spectrum of FE using (5%)1-hexanol at pH 5 AB and 12.5 mM 
AOT in corn oil intended for BE at pH 8 PPB for FE aqueous 
samples from: normal FE for normal BE (-) and for BE with 
TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
TOMAC (-), and interphase precipitate samples from: normal FE 
for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
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Figure F.14:  CD spectrum of BE at pH 8 PPB after FE using (5%)1-hexanol at 
pH 5 AB and 12.5 mM AOT in corn oil for BE aqueous samples 
from: normal BE (-) and BE with TOMAC (-) after normal FE, 
normal BE (-) and BE with TOMAC (-) after FE with Brij 30, 




Figure F.15:  CD spectra of poly(Lys) in the α–helical (α), antiparallel β–sheet 
(β), and random-coil (r) conformations [Adapted from Greenfield 
et al. (1967) and Greenfield and Fasman (1969)]. 
 
Figure F.16:  CD spectra of Fab fragment NC6.8, NC10.14, and 4-4-20 in the far 
UV region [Adapted from Tetin et al. (2003)]. 
 
Figure F.17:  CD spectrum in the peptide region of the intermediate DC (- -), and 
the native (  ) and completely denatured Fab (....), where the native 
Fab was incubated in 0.1 M Tris/HCl, pH 8, 3.5 M Gdm/Cl, 10 oC 
for 60 s and then the samples were diluted to 1.75 M Gdm/Cl at 10 
oC before recording the spectra in less than half an hour 
[Adapted from Lilie et al. (1995)]. 
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Table F.6:  Protein G HPLC measured peak heights and concentrations and UV-Spectrophotometer measured concentrations of 1 mg 
ml-1 humanized IgG4 Fab fragments at pH 5 AB and at pH 6 PB aqueous samples and of a standard Fab fragment sample 
at 1.025 mg ml-1 in binding buffer. 
 
Aqueous Height Total concentration Total concentration [mg mL-1] UV-Spectrophotometer 
sample [mAU] [mg mL-1] extinction coefficient corrected concentration [mg mL-1] 
Standard at 1.025 mg mL-1 59.40013 1.02 - - 
Acetate buffer at pH 5 
At 1 mg mL-1 41.91673 0.48 0.91 0.97 
At 1 mg mL-1 46.89083 0.67 1.29 1.00 
At 1 mg mL-1 33.49987 5.68 9.01 1.00 
Phosphate buffer at pH 6 
At 1 mg mL-1 22.98538 0.26 0.50 1.05 




Table F.7: LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous samples 
for certain chosen optimal parameters using AOT in isooctane and corn oil (from Chapter 5 section 5.2.): aqueous samples 
at 1 mg ml-1 and taken before and after FE. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 16.4 380.9 47.3 - Ladder peak closest to Fab fragment (kDa) 
At 1 mg mL-1 pH 5 17.1 5203.5 48.4 Fragment One peak with two summits (fragment 
 17.2 5694.2 49.4 Monomer and monomer) 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
Before FE 17.5 856.7 52.7 Monomer One peak with two summits (monomer 
 17.7 625.9 54.5 Aggregate and aggregate) 
After FE 17.7 103.9 52.0 Fragment One fragment peak with three summits 
 17.8 197.8 53.3 Monomer (fragment, monomer and aggregate) 
 18.0 154.8 55.1 Aggregate  
At 1 mg mL-1 pH 6 17.6 2563.6 53.7 Monomer One peak 
(5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil 
Before FE 17.6 592.9 53.5 Monomer One peak with two summits (monomer 
 17.8 433.0 55.3 Aggregate and aggregate) 
After FE 17.1 505.1 45.3 Fragment 1 One fragment peak with two fragment 
 17.3 810.8 46.7 Fragment 2 summits fused to the monomer peak 




Table F.8: LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous samples 
for certain chosen optimal parameters using AOT in isooctane and corn oil (from Chapter 5 section 5.2.1.): aqueous 
samples at 1 mg ml-1, taken before and after FE, and with their interphase precipitate layer taken after FE which underwent 
buffer precipitation, and a native Fab fragment sample. 
 
Aqueous Migration Time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 17.2 349.0 47.5 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 16.5 2428.3 39.9 Fragment 1 Three fragment peaks fused to the monomer 
 16.7 1255.9 41.9 Fragment 2 peak where Native Fab monomer peak 
 16.9 1641.9 43.7 Fragment 3 chosen as basis for sample analysis 
 17.1 10643.9 46.5 Monomer  
At 1 mg mL-1 pH 5 16.6 443.6 40.5 Fragment 1 Three fragment peaks fused 
 16.9 200.0 42.9 Fragment 2 to the monomer peak 
 17.0 118.2 45.1 Fragment 3  
 17.5 5955.8 50.6 Monomer  
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
Before FE 18.1 684.1 52.1 Monomer One peak with two summits 












Table F.8: Continued. 
 
Aqueous Migration Time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
At 1 mg mL-1 pH 6 16.6 679.6 40.7 Fragment 1 Three fragment peaks fused 
 16.9 270.0 43.1 Fragment 2 to the monomer peak 
 17.0 256.6 45.1 Fragment 3  
 17.4 8122.1 49.7 Monomer  
(5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil 
Before FE 18.1 899.8 52.9 Monomer One peak with two summits 
 18.2 600.0 54.4 Aggregate (monomer and aggregate) 
After FE 18.2 449.3 53.7 Shifted Aggregate 1 The monomer shifted forming one aggregate 
 18.3 448.3 55.2 Shifted Aggregate 2 peak with two aggregate summits 
After FE + interphase 18.2 4208.5 53.9 Shifted Aggregate 1 The monomer shifted forming one aggregate 
re-diluted in buffer (1 in 1) 18.3 4507.4 55.2 Shifted Aggregate 2 peak with two aggregate summits 
Before FE 18.2 1148.5 53.4 Monomer One peak with two summits 
 18.4 800.0 54.8 Aggregate (monomer and aggregate) 
After FE 18.3 419.1 54.5 Shifted Aggregate 1 The monomer shifted forming one aggregate 
 18.4 459.4 55.8 Shifted Aggregate 2 peak with two aggregate summits 
After FE + interphase 18.4 341.4 55.1 Shifted Aggregate 1 The monomer shifted forming one aggregate 
re-diluted in buffer (1 in 2) 18.5 402.7 56.4 Shifted Aggregate 2 peak with three aggregate summits 
 18.7 177.8 59.1 Shifted Aggregate 3  
Before FE 18.2 1052.9 53.1 Monomer One peak 
After FE 18.2 1403.6 53.1 Shifted Aggregate 1 The monomer shifted forming one aggregate 
 18.3 1412.2 54.2 Shifted Aggregate 2 peak with two aggregate summits 
After FE + interphase 18.3 374.0 54.6 Shifted Aggregate 1 The monomer shifted forming one aggregate 
re-diluted in buffer (1 in 3) 18.4 414.1 55.9 Shifted Aggregate 2 peak with two aggregate summits 
Before FE 18.6 304.2 53.3 Monomer One peak with two summits 
 18.7 227.2 54.7 Aggregate (monomer and aggregate) 
After FE 18.5 746.4 52.2 Shifted Aggregate 1 The monomer shifted forming one aggregate 
 18.6 783.8 53.6 Shifted Aggregate 2 peak with two aggregate summits 
After FE + interphase 18.6 476.8 53.4 Shifted Aggregate 1 The monomer shifted forming one aggregate 
re-diluted in buffer (1 in 4) 18.7 517.6 54.7 Shifted Aggregate 2 peak with two aggregate summits 
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Table F.9:  LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous 
samples for certain chosen optimal parameters using AOT in isooctane and corn oil (from Chapter 5 section 5.3.): 
aqueous samples at 1 mg ml-1, taken after FE with and without Brij 30, taken after FE which underwent acetone 
precipitation with an ethanol wash step, and taken after BE with TOMAC, interphase precipitate samples taken after FE 
with and without Brij 30 which underwent acetone precipitation with an ethanol wash step, and a native Fab fragment 
sample. 
 
 Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
Ladder 17.8 200.0 47.4 - Ladder peak closest to Fab fragment (kDa) 
FE using acetate buffer at pH 5 and 25 mM AOT in isooctane and BE using potassium phosphate buffer at pH 8 
After FE with Brij 30 17.1 112.8 47.6 Monomer One peak with two summits 
  17.9 50.0 58.0 Aggregate (monomer and aggregate) 
After BE with TOMAC  17.1 114.0 47.4 Monomer Three aggregate peaks forming a bump 
from FE with Brij 30 18.0 18.5 59.2 Aggregate 1 fused to the monomer peak 
  18.3 13.6 63.9 Aggregate 2   
  18.4 11.4 65.8 Aggregate 3   
Ladder 18.3 160.0 47.9 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 17.9 1451.2 40.3 Fragment 1 Three fragment peaks fused to the 
  18.2 575.3 42.9 Fragment 2 monomer peak where Native Fab 
  18.4 1002.6 44.3 Fragment 3 monomer peak chosen as basis 
  18.7 12803.3 47.7 Monomer for sample analysis  
At 1 mg mL-1 pH 5 18.6 7461.0 50.5 Monomer One peak with two summits 
  18.9 5954.2 52.8 Aggregate (monomer and aggregate) 
FE using (5%)1-hexanol acetate buffer at pH 5 and 12.5 mM AOT in corn oil  
After FE 18.8 137.0 52.4 Fragment One peak with three summits 
  19.0 204.4 54.7 Monomer (fragment, monomer and aggregate) 
  19.3 112.2 57.0 Aggregate   
Interphase precipitate after 18.2 238.0 45.1 Fragment One fragment peak fused  
FE + acetone precipitation 18.4 11492.7 47.4 Monomer to the monomer peak  
Interphase precipitate after FE 18.5 8597.0 50.7 Monomer One peak with two summits 
with Brij 30 + acetone precipitation 18.7 7402.3 52.6 Aggregate (monomer and aggregate) 
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Table F.9: Continued. 
 
 Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
At 1 mg mL-1 pH 6 19.0 1131.4 54.0 Monomer One peak with two summits 
  19.2 681.0 56.1 Aggregate (monomer and aggregate) 
FE using (5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil 
After FE 19.0 6436.5 54.5 Fragment One peak with two summits 
  19.2 7821.2 56.5 Monomer (monomer and aggregate) 
After FE + acetone 19.0 862.6 54.3 Fragment One peak with two summits 
precipitation 19.2 2416.6 56.7 Monomer (monomer and aggregate) 
Interphase precipitate after 18.6 8045.5 50.1 Monomer One peak with two summits 
FE + acetone precipitation 18.9 6400.0 52.3 Aggregate (monomer and aggregate) 
After FE with Brij 30 19.1 11059.6 54.0 Monomer One peak 
Interphase precipitate after FE 18.6 5435.5 52.1 Monomer One peak with two summits 
with Brij 30 + acetone precipitation 18.8 3410.4 54.5 Aggregate (monomer and aggregate) 






Table F.10:  GP-HPLC measured species, retention times, heights, response, response percentage, total response, GP-HPLC total 
concentration, UV-Spectrophotometer concentration and molecular weight of a variety of Fab fragment aqueous samples 
for certain chosen optimal parameters using AOT in isooctane (from Chapter 5 section 5.2.1.): aqueous samples at 1 mg 
ml-1, and taken after FE, and a native Fab fragment sample diluted down to 4 mg ml-1 in mobile phase buffer. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample   [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
Native Fab fragments Aggregate 8.81 13.03 371.21 2.50 14874.32 4.000 - 72 
at 4 mg mL-1 in 0.2 M Monomer 9.82 749.64 14503.11 97.50       32 
phosphate buffer pH 7 Sum of fragments - - - -       - 
At 1 mg mL-1 pH 5 Aggregate 8.82 3.49 97.81 2.49 3932.24 1.000 0.967 72 
  Monomer 9.84 205.42 3834.43 97.51       31 
  Sum of fragments - - - -       - 
At 1 mg mL-1 pH 6 Aggregate 8.62 10.75 393.46 8.22 4787.38 1.000 1.051 84 
  Monomer 9.83 221.90 4393.92 91.78       32 
  Sum of fragments - - - -       - 
(5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil  
After FE Aggregate - - - - 52.73 0.011 0.084 - 
  Monomer 9.83 2.74 52.73 100.00       32 
  Sum of fragments - - - -       - 
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Table F.11: GP-HPLC measured species, retention times, heights, response, response percentage, total response, GP-HPLC total 
concentration, UV-Spectrophotometer concentration and molecular weight of a variety of Fab fragment aqueous samples 
for certain chosen optimal parameters using AOT in isooctane and corn oil (from Chapter 5 section 5.3.): aqueous 
samples at 1 mg ml-1, taken after FE with and without Brij 30, and taken after BE with TOMAC, interphase precipitate 
samples taken after FE with and without Brij 30 which underwent acetone precipitation with an ethanol wash step, and a 
native Fab fragment sample diluted down to 4 mg ml-1 in mobile phase buffer. 
 
Aqueous Species Retention time Height Respon
se 
Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample   [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa]
Native Fab fragments Aggregate 8.81 13.03 371.21 2.50 14874.32 4.000 - 72 
at 4 mg mL-1 in 0.2 M Monomer 9.82 749.64 14503.1
1 
97.50       32 
phosphate buffer pH 7 Sum of fragments - - - -       - 
At 1 mg mL-1 pH 5 Aggregate 8.96 6.86 201.73 4.28 4708.81 1.000 1.000 64 
  Monomer 9.86 255.35 4504.19 95.65       31 
  Sum of fragments 10.97 0.24 2.89 0.06       13 
FE using acetate buffer at pH 5 and 25 mM AOT in isooctane and BE using potassium phosphate buffer at pH 8 
After FE with Brij 30 Aggregate - - - - 9.66 0.002 0.090 - 
  Monomer 10.29 0.54 9.66 100.00       22 
  Sum of fragments - - - -       - 
After BE with TOMAC  Aggregate - - - - 4.97 0.001 0.020 - 
from FE with Brij 30 Monomer 10.20 0.19 4.97 100.00       23 
  Sum of fragments - - - -       - 
At 1 mg mL-1 pH 5 Aggregate 8.97 6.77 200.22 4.27 4692.51 1.000 1.000 64 
  Monomer 9.86 254.70 4489.91 95.68       31 
  Sum of fragments 10.98 0.23 2.38 0.05       12 
FE using (5%)1-hexanol acetate buffer at pH 5 and 12.5 mM AOT in corn oil  
Interphase precipitate after Aggregate - - - - 42.03 0.009 0.160 - 
FE + acetone precipitation Monomer 9.87 1.98 42.03 100.00       31 
  Sum of fragments - - - -       - 
Interphase precipitate after FE Aggregate - - - - 77.28 0.016 0.170 - 
with Brij 30 + acetone precipitation Monomer 9.88 4.08 77.28 100.00       30 
  Sum of fragments - - - -       - 
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Table F.11: Continued. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample   [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
At 1 mg mL-1 pH 6 Aggregate 8.90 5.98 241.34 5.97 4041.89 1.000 1.000 67 
  Monomer 9.86 213.77 3795.88 93.91       31 
  Sum of fragments 10.95 0.29 4.67 0.12       13 
FE using (5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil 
After FE Aggregate 9.86 0.41 6.88 23.91 28.76 0.007 0.550 31 
  Monomer 10.22 1.11 21.88 76.09       23 
  Sum of fragments - - - -       - 
Interphase precipitate after Aggregate 8.88 0.15 4.71 5.51 85.41 0.021 0.110 68 
FE + acetone precipitation Monomer 9.87 4.57 80.70 94.49       31 
  Sum of fragments - - - -       - 
After FE with Brij 30 Aggregate - - - - 245.76 0.061 1.670 - 
  Monomer 9.86 11.79 241.93 98.44       31 
  Sum of fragments 10.24 0.40 3.83 1.56       23 
Interphase precipitate after FE Aggregate 8.89 0.13 3.82 5.54 68.87 0.017 0.150 68 
with Brij 30 + acetone precipitation Monomer 9.87 3.72 65.05 94.46       31 
  Sum of fragments - - - -       - 
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Table F.12:  IEF interpretation of gel and results, where lane, sample, pI range, 
number of bands and comments of the reference standard, a Fab 
fragment interphase precipitate sample taken after FE that 
underwent acetone precipitation with an ethanol wash step,  and a 
native Fab fragment sample are specified. 
 
Lane Sample pI range Number of bands Comment 
1 Reference standard 8.15-8.65 11 All pI marker bands are visible 
    in the range of interest 
FE using (5%)1-hexanol phosphate buffer at pH 6 and 3.125 mM AOT in corn oil 
2 Interphase precipitate after 8.15-8.65 1 One faded band 
 FE + acetone precipitation    
Native Fab Fragment sample in phosphate buffer at pH 6 
3 Native Fab fragments 8.15-8.65 3 Two dark and one faded band with dark 
    smudging under the lowest band 
 
 
Figure F.18:   IEF gel of in Lane 1 the reference standard, in Lane 2 a Fab 
fragment interphase precipitate sample taken after FE (using 
(5%)1-hexanol at pH 6 PB and 3.125 mM AOT in corn oil) that 
underwent acetone precipitation with an ethanol wash step,  and 






EFFECT OF PRECIPITATE FORMATION AND ACETONE PRECIPITATION 
 
Table G.1: oW  and wpR  in both the isooctane and corn oil RM phases as a 
function of HDEHP concentration (1.56 to 50 mM) with and without 
the addition of 25 mM Brij 30, where the values marked as “-” were 
disregarded as the Karl Fischer Titrator was unable to read those 
samples. 
 
         
   
HDEHP concentration [ mM ] 
   
            
   
      
Organic phase 
  
50 25 12.5 6.25 3.13 1.56 
  
                
 
        
HDEHP in isooctane 
 Wo 0.01 0.01 0.01 0.01 0.01 0.01 
 
 Rwp [ Å ] 3.9 3.9 3.9 3.9 3.9 3.9 
 
        
HDEHP in isooctane  
 Wo 0.01 0.01 0.01 0.01 0.01 0.01 
with 25 mM Brij 30 
 Rwp [ Å ] 3.9 3.9 3.9 3.9 3.9 3.9 
 
        
HDEHP in corn oil 
 Wo 0.3 0.6 1.2 2.3 2.1 2.4 
 
 Rwp [ Å ] 4.4 4.9 5.8 7.5 7.2 7.6 
 
        
HDEHP in corn oil 
 Wo 0.1 0.3 0.7 0.2 0.6 - 
with 25 mM Brij 30 
 Rwp [ Å ] 4.0 4.3 5.0 4.3 4.8 - 
                  
 
 
Table G.2:  Sample concentrations determined from their corresponding Fab 
fragment aqueous calibration curves for the sample absorbances 
measured at 280 nm on the UV-Spectrophotometer. 
 
Aqueous UV-Spectrophotometer 
sample concentration [mg mL-1] 
Forward extraction using phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane 
 Aqueous sample after forward extraction without Brij 30 0.09 
Forward extraction interphase precipitate sample without Brij 30 0.05 
Aqueous sample after forward extraction with 25 mM Brij 30 0.09 
Forward extraction interphase precipitate sample with 25 mM Brij 30 0.09 
Forward extraction using  acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil 
Aqueous sample after forward extraction without Brij 30 0.80 
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Figure G.1:  Effect of adding 25 mM Brij 30 to FE on the aqueous samples and 
on precipitate formation at the interphase at pH 6 PB and 6.25 mM 
HDEHP in isooctane: for aqueous samples after FE without (-) and 
with (-) Brij 30, and for FE interphase precipitate samples without (-
) and with (-) Brij 30, and at pH 5 AB and 6.25 mM HDEHP in corn 
oil: for aqueous samples after FE without (-) and with (-) Brij 30. 
 
 
Table G.3:  oW  and wpR  in the RM phase as a function of pH (pHs 5 for 
isooctane and 6 for corn oil) and HDEHP concentration (6.25 mM) 
with and without the addition of 25 mM Brij 30. 
 
     
Organic phase 
  
Without Brij 30 With 25 mM Brij 30 
  
        
 
    
6.25 mM HDEHP  
 Wo 24.0 6.2 
in isooctane at pH 6 
 Rwp [ Å ] 41.2 13.6 
 
    
6.25 mM HDEHP 
 Wo 9.9 7.6 
in corn oil at pH 5 
 Rwp [ Å ] 19.3 15.6 
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Figure G.2:  Effect of acetone precipitation with an ethanol wash step to the UV-
Spectrophotometer scans between 190 and 600 nm for FE 
interphase precipitate samples at pH 6 PB in isooctane (-) and at 
pH 5 AB in corn oil (-): for 6.25 mM HDEHP (extraction was carried 
out with 1 mg mL-1 Fab fragment at the start i.e. before FE).  
 
 
Table G.4:  Sample concentrations determined from Fab fragment aqueous 
calibration curves in the same buffer for the sample absorbances 
measured at 280 nm on the UV-Spectrophotometer in the presence 
and absence of Fab fragments. 
 
 Acetate buffer at pH 5 Phosphate buffer at pH 6 
Sample UV-Spec. conc. [mg mL-1] UV-Spec. conc. [mg mL-1] 
FE interphase precipitate (HDEHP-isooctane at 1 mg mL-1 Fab) - 0.18 
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Figure G.3:  CD spectrum of FE at pH 6 PB and 6.25 mM HDEHP in isooctane 
intended for BE at pH 10 CB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure G.4:  CD spectrum of BE at pH 10 CB after FE at pH 6 PB and 6.25 mM 
HDEHP in isooctane for BE aqueous samples from: normal BE (-) 
and BE with TOMAC (-) after normal FE, normal BE (-) and BE with 
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Figure G.5:  CD spectrum of FE at pH 6 PB and 25 mM HDEHP in isooctane 
intended for BE at pH 8 PPB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure G.6:  CD spectrum of BE at pH 8 PPB after FE at pH 6 PB and 25 mM 
HDEHP in isooctane for BE aqueous samples from: normal BE (-) 
and BE with TOMAC (-) after normal FE, normal BE (-) and BE with 
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Figure G.7:  CD spectrum of FE at pH 5 AB and 6.25 mM HDEHP in corn oil 
intended for BE at pH 10 CB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure G.8:  CD spectrum of BE at pH 10 CB after FE at pH 5 AB and 6.25 mM 
HDEHP in corn oil for BE aqueous samples from: normal BE (-) and 
BE with TOMAC (-) after normal FE, normal BE (-) and BE with 
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Figure G.9:  CD spectrum of FE at pH 6 PB and 25 mM HDEHP in corn oil 
intended for BE at pH 8 PPB for FE aqueous samples from: normal 
FE for normal BE (-) and for BE with TOMAC (-), FE with Brij 30 for 
normal BE (-) and for BE with TOMAC (-), and interphase 
precipitate samples from: normal FE for normal BE (-) and for BE 
with TOMAC (-), FE with Brij 30 for normal BE (-) and for BE with 
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Figure G.10:  CD spectrum of BE at pH 8 PPB after FE oil for BE aqueous 
samples from: normal BE (-) and BE with TOMAC (-) after normal 
FE, normal BE (-) and BE with TOMAC (-) after FE with Brij 30, 
containing humanized Fab fragments. 
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Table G.5:  Protein G HPLC measured peak heights and concentrations and UV-Spectrophotometer measured concentrations of a 
standard Fab fragment sample at 1.025 mg ml-1 in binding buffer and a variety of Fab fragment aqueous samples for 
certain chosen optimal parameters using HDEHP in isooctane and corn oil (from Chapter 6 section 6.3.): aqueous 
samples at 1 mg ml-1, and taken after FE, and interphase precipitate samples taken after FE which underwent acetone 
precipitation with an ethanol wash step. 
 
Aqueous Height Total concentration Total concentration [mg mL-1] UV-Spectrophotometer 
sample [mAU] [mg mL-1] extinction coefficient corrected concentration [mg mL-1] 
Standard at 1.025 mg mL-1 59.40013 1.02 - - 
At 1 mg mL-1 pH 6 53.43833 0.76 1.46 1.00 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane  
Interphase precipitate after FE + acetone precipitation 11.18837 0.20 0.39 0.14 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane  
Interphase precipitate after FE + acetone precipitation 30.60565 0.59 1.13 0.16 
Interphase precipitate after FE + acetone precipitation 14.38244 0.25 0.47 0.16 
At 1 mg mL-1 pH 5 41.91673 0.48 0.91 0.99 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  





Table G.6: LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous 
samples for the chosen optimal parameters using HDEHP in isooctane and corn oil (from Chapter 6 section 6.2.): 
aqueous samples at 1 mg ml-1 and taken before and after FE. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
Ladder 16.4 380.9 47.3 - Ladder peak closest to Fab fragment (kDa) 
At 1 mg mL-1 pH 5 17.3 4459 50.2 Fragment One peak with two summits  
  17.4 5009.5 51.3 Monomer (fragment and monomer) 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  
Before FE 17.4 338.6 51.2 Fragment One peak with three summits  
  17.5 516.4 52.6 Monomer (fragment, monomer and aggregate) 
  17.6 290 54.26 Aggregate   
After FE 17.8 57.2 52.7 Fragment 1 One peak with four summits  
  17.9 105 54.3 Fragment 2 (two fragments, a monomer  
  18.1 144.5 56.9 Monomer and an aggregate) 
  18.3 87.5 58.9 Aggregate   
At 1 mg mL-1 pH 6 17.3 4493.9 50.2 Fragment One peak with two summits 
  17.4 4979.2 51.1 Monomer  (fragment and monomer) 
Phosphate buffer at pH 6 and 25 mM HDEHP in corn oil  
After FE 17.4 693.9 51.2 Fragment One peak with two summits  
  17.52 968.6 52.6 Monomer (fragment and monomer) 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane 
Before FE 17.58 1646.6 53.3 Monomer One peak with two summits  
  17.8 1120.0 54.9 Aggregate (monomer and aggregate) 
After FE 18.0 644.6 55.3 Monomer One peak with two summits  
  18.2 430.0 57.14 Aggregate (monomer and aggregate) 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
After FE 17.3 568.9 50.4 Fragment One peak with two summits  




Table G.7:  LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous 
samples for certain chosen optimal parameters using HDEHP in isooctane and corn oil (from Chapter 6 section 6.2.1.): 
aqueous samples at 1 mg ml-1, taken before and after FE, taken before and after FE and aqueous samples with their 
interphase precipitate layer taken after FE which underwent buffer precipitation, and a native Fab fragment sample. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
Ladder 17.2 349 47.5 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 16.5 2428.3 39.9 Fragment 1 Three fragment peaks fused to the monomer 
  16.7 1255.9 41.9 Fragment 2 peak where Native Fab monomer peak 
  16.9 1641.9 43.7 Fragment 3 chosen as basis for sample analysis 
  17.1 10643.9 46.5 Monomer   
At 1 mg mL-1 pH 5 16.7 333.5 41.7 Fragment One fragment peak fused  
  17.6 5811.9 52.2 Monomer to the monomer peak 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  
Before FE 18.1 861.2 52.5 Monomer One peak with two summits  
  18.3 613.9 54.4 Aggregate (monomer and aggregate) 
After FE + interphase 18.4 504.1 55.6 Shifted Aggregate 1 The monomer shifted forming one aggregate  






Table G.7: Continued. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
At 1 mg mL-1 pH 6 16.6 356.7 41.4 Fragment 1 Three fragment peaks fused 
  17.1 110.8 46.2 Fragment 2  to the monomer peak 
  17.3 133.1 48.4 Fragment 3   
  17.6 6445.8 51.8 Monomer   
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane  
Before FE 18.2 211.9 54.4 Monomer One peak with two summits  
  18.4 158.4 56.0 Aggregate (monomer and aggregate) 
After FE 18.2 394.0 53.5 Shifted Aggregate 1 The monomer shifted forming one aggregate  
  18.3 382.5 54.8 Shifted Aggregate 2 peak with two aggregate summits 
Before FE 18.3 358.9 54.7 Monomer One peak with two summits  
  18.5 265.5 56.2 Aggregate (monomer and aggregate) 
After FE + interphase 18.3 631.0 53.9 Shifted Aggregate 1 The monomer shifted forming one aggregate  
re-diluted in buffer (1 in 2) 18.4 527.4 55.4 Shifted Aggregate 2 peak with two aggregate summits 
Before FE 18.2 407.3 53.1 Monomer One peak with two summits  
  18.3 332.3 54.6 Aggregate (monomer and aggregate) 
After FE + interphase 18.2 980.2 53.1 Shifted Aggregate 1 The monomer shifted forming one aggregate 
re-diluted in buffer (1 in 3) 18.3 771.4 54.8 Shifted Aggregate 2  peak with two aggregate summits 
After FE + interphase 18.5 1090.8 52.7 Shifted Aggregate 1 The monomer shifted forming one aggregate  
re-diluted in buffer (1 in 4) 18.7 841.6 54.2 Shifted Aggregate 2 peak with two aggregate summits 
Before FE 18.0 715.4 54.8 Monomer One peak 
After FE + interphase 17.9 4860.1 53.7 Shifted Aggregate The monomer shifted forming 






Table G.8:  LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous 
samples for the chosen optimal parameters using HDEHP in isooctane (from Chapter 6 section 6.3.): aqueous samples 
taken after FE with and without Brij 30, and taken after FE with Brij 30 which underwent acetone precipitation with an 
ethanol wash step, and interphase precipitate samples taken after FE with and without Brij 30 which underwent acetone 
precipitation with an ethanol wash step. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 17.8 200.0 47.4 - Ladder peak closest to Fab fragment (kDa) 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane 
Interphase precipitate after 17.0 569.2 45.2 Monomer One peak with two summits 
FE + acetone precipitation 17.2 432.1 46.8 Aggregate (monomer and aggregate) 
After FE 18.4 391.8 46.4 Fragment One peak with two summits 
 18.5 527.8 47.6 Monomer (fragment and monomer) 
After FE with Brij 30 16.9 1962.1 45.7 Monomer One peak with two summits 
 17.1 2081.6 47.2 Aggregate (monomer and aggregate) 
After FE with Brij 30 + 17.4 177.6 49.0 Fragment One peak with three summits 
acetone precipitation 17.5 292.6 50.4 Monomer (fragment, monomer and aggregate) 
 17.7 39.9 53.3 Aggregate  
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
Interphase precipitate after 17.3 7252.2 49.0 Monomer One peak 
FE + acetone precipitation      
Interphase precipitate after FE 16.8 9238.8 42.7 Shifted Fragment 1 The monomer shifted forming one fragment 




Table G.9:  LabChip 90 measured migration times, heights, size, species and comments of a variety of Fab fragment aqueous 
samples for the chosen optimal parameters using HDEHP in corn oil (from Chapter 6 section 6.3.): aqueous samples at 1 
mg ml-1, taken after FE with and without Brij 30, and taken after FE which underwent acetone precipitation with an 
ethanol wash step, and interphase precipitate samples taken after FE with and without Brij 30 which underwent acetone 
precipitation with an ethanol wash step, and a native Fab fragment sample. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
Ladder 18.3 160.0 47.9 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 17.9 1451.2 40.3 Fragment 1 Three fragment peaks fused to the monomer 
  18.2 575.3 42.9 Fragment 2 peak where Native Fab monomer peak 
  18.4 1002.6 44.3 Fragment 3 chosen as basis for sample analysis 
  18.7 12803.3 47.7 Monomer   
At 1 mg mL-1 pH 6 18.7 7483.8 51.5 Monomer One peak with two summits  
  18.9 6000.0 53.7 Aggregate (monomer and aggregate) 
Phosphate buffer at pH 6 and 25 mM HDEHP in corn oil  
Interphase precipitate after 18.7 7322.3 51.4 Monomer One peak with two summits  
FE + acetone precipitation 18.9 5619.0 53.7 Aggregate (monomer and aggregate) 
Interphase precipitate after FE 18.0 341.4 46.2 Fragment One fragment peak fused 







Table G.9: Continued. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]     
At 1 mg mL-1 pH 5 18.7 7477.5 50.9 Monomer One peak with two summits  
  18.9 6019.0 53.3 Aggregate (monomer and aggregate) 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  
After FE 18.9 7384.7 53.1 Fragment One peak with two summits  
  19.1 7801.2 55.6 Monomer (fragment and monomer) 
After FE + acetone 19.0 2797.1 53.9 Monomer One peak with two summits  
precipitation 19.2 1722.7 56.2 Aggregate (monomer and aggregate) 
Interphase precipitate after 18.2 250.1 45.3 Fragment One fragment peak fused  
FE + acetone precipitation 18.4 11927.0 47.6 Monomer to the monomer peak 
After FE with Brij 30 19.1 3034.4 54.0 Fragment One peak with two summits  
  19.3 5153.2 56.1 Monomer (fragment and monomer) 
Interphase precipitate after FE 18.7 3889.0 52.6 Monomer One peak with two summits 













Table G.10:  GP-HPLC measured species, retention times, heights, response, response percentage, total response, GP-HPLC total 
concentration, UV-Spectrophotometer concentration and molecular weight of a variety of Fab fragment aqueous samples 
for the chosen optimal parameters using HDEHP in isooctane and corn oil (from Chapter 6 section 6.3.): aqueous 
samples at 1 mg ml-1, taken after FE with and without Brij 30, and taken after FE which underwent acetone precipitation 
with an ethanol wash step, interphase precipitate samples taken after FE with and without Brij 30 which underwent 
acetone precipitation with an ethanol wash step, and a native Fab fragment sample diluted down to 4 mg ml-1 in mobile 
phase buffer. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample   [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
Native Fab fragments Aggregate 8.81 13.01 368.67 2.47 14898.59 4.000 - 72 
at 4 mg mL-1 in 0.2 M Monomer  9.82 749.73 14529.93 97.53       32 
phosphate buffer pH 7 Sum of fragments - - - -       - 
At 1 mg mL-1 pH 6 Aggregate 8.96 5.19 161.99 4.45 3639.35 1.000 1.000 64 
  Monomer  9.86 195.69 3474.67 95.48       31 
  Sum of fragments 10.96 0.19 2.68 0.07       13 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane  
Interphase precipitate after Aggregate - - - - 76.14 0.021 0.140 - 
FE + acetone precipitation Monomer  9.87 2.90 76.14 100.00       31 
  Sum of fragments - - - -       - 
After FE Aggregate 9.87 0.16 3.01 12.73 23.68 0.007 0.130 31 
  Monomer  10.27 0.97 20.67 87.27       22 
  Sum of fragments - - - -       - 
After FE with Brij 30 Aggregate - - - - 27.78 0.008 0.650 - 
  Monomer  10.22 1.28 27.78 100.00       23 
  Sum of fragments - - - -       - 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
Interphase precipitate after Aggregate - - - - 4.93 0.001 0.160 - 
FE + acetone precipitation Monomer  10.26 0.15 4.93 100.00       22 
 Sum of fragments - - - -       - 
Interphase precipitate after FE Aggregate 8.67 0.06 2.09 2.90 72.12 0.020 0.160 81 
with Brij 30 + acetone precipitation Monomer  9.86 3.51 70.03 97.10       31 
  Sum of fragments - - - -       - 
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Table G.10: Continued. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample   [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
At 1 mg mL-1 pH 5 Aggregate 8.82 3.49 97.81 2.49 3932.24 1.000 0.687 72 
  Monomer  9.84 205.42 3834.43 97.51       31 
  Sum of fragments - - - -       - 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  
After FE Aggregate - - - - 1054.00 0.225 0.950 - 
  Monomer  9.85 59.02 1054.00 100.00       31 
  Sum of fragments - - - -       - 
After FE + acetone Aggregate 8.95 0.08 2.44 2.26 107.95 0.023 0.740 64 
precipitation Monomer  9.87 5.85 105.51 97.74       31 
  Sum of fragments - - - -       - 
Interphase precipitate after Aggregate - - - - 125.82 0.027 0.160 - 
FE + acetone precipitation Monomer  9.87 6.31 121.63 96.67       31 
  Sum of fragments 10.73 0.17 4.19 3.33       15 
After FE with Brij 30 Aggregate - - - - 42.87 0.009 0.580 - 
  Monomer  9.86 1.46 38.98 90.91       31 
  Sum of fragments 10.20 0.34 3.90 9.09       23 
Interphase precipitate after FE Aggregate 8.89 0.48 14.35 3.21 447.28 0.095 0.150 67 
with Brij 30 + acetone precipitation Monomer  9.87 23.02 427.96 95.68       31 
  Sum of fragments 10.74 0.21 4.97 1.11       15 
Phosphate buffer at pH 6 and 25 mM HDEHP in corn oil 
Interphase precipitate after Aggregate - - - - 11.84 0.003 0.170 - 
FE + acetone precipitation Monomer  9.86 0.55 11.84 100.00       31 
  Sum of fragments - - - -       - 
Interphase precipitate after FE Aggregate - - - - 2.50 0.001 0.160 - 
with Brij 30 + acetone precipitation Monomer  10.27 0.10 2.50 100.00       22 




Table G.11:  IEF interpretation of gel and results, where lane, sample, pI 
range, number of bands and comments of the reference 
standard, a Fab fragment interphase precipitate sample taken 
after FE with Brij 30 that underwent acetone precipitation with an 
ethanol wash step, an aqueous sample taken after FE and a 
native Fab fragment sample are specified. 
 
Lane Sample pI range Number of bands Comment 
1 Reference standard 8.15-8.65 11 All pI marker bands are visible 
        in the range of interest 
Acetate buffer at pH 5 and 6.25 mM HDEHP in corn oil  
2 Interphase precipitate after FE  8.15-8.65 1 One faded band 
  with Brij 30 + acetone precipitation       
3 Aqueous sample after FE 8.15-8.65 1 One faded band with very dark  
        smudging under the band  
Native Fab Fragment sample in phosphate buffer at pH 6 
4 Native Fab fragments 8.15-8.65 3 Two faded and one very faded band with 
        faded smudging under the lowest band 
 
Figure G.11:  IEF gel of in Lane 1 the reference standard, in Lane 2 a Fab 
fragment interphase precipitate sample taken after FE with Brij 30 
(at pH 5 AB and 6.25 mM HDEHP in corn oil) that underwent 
acetone precipitation with an ethanol wash step, in Lane 3 an 
aqueous sample taken after FE (at pH 5 AB and 6.25 mM HDEHP 





HYDRODYNAMIC RADIUS OF HORSE HEART CYTOCHROME-C  
 
The hydrodynamic radius of cytochrome-c was needed to calculate its corresponding 
oW  value and was calculated in several steps. The Stokes radius of the native horse 
cytochrome-c (type IV) in the oxidized form purchased from Sigma (UK) is sR  = 14.1 
± 0.2 Å, where the values were calculated by Moosavi-Movahedi and co-workers 
(2003). From the Debye-Stokes-Einstein theory the translational and rotational 
coefficients allow an estimation of hydrodynamic radius of the protein, i.e. from the 
Stokes radius, sR  often referred to also as stR , the hydrodynamic radius, hR , of a 
protein can be calculated (Bonincontro et al., 2001). The Stokes radius, stR , is 
defined as the radius of a sphere that would have the same frictional coefficients as 
the protein and the molecular mass of a compact globular protein may be inferred 
from the Stokes radius through Equation (H.1), where the partial specific volume, ν , 
if unknown, may be assigned a value of 0.74. Solving Equation (H.1), for stR  yields 
Equation (H.2). From Equation (H.2), due to the ±, four possible rM  values were 
calculated (i.e. 10.505917.173
1
≈⇒= rr MM , 48.609126.183
1
≈⇒= rr MM , 
32.464669.163
1
≈⇒= rr MM  and 47.559475.173
1
≈⇒= rr MM ). Assuming a spherical 
shape of proteins (i.e. by assuming a value of 2.5 for Simhas factor (Moosavi-
Movahedi et al., 2003), where the Simha factor was invented by Robert Simha who 
extended the Einstein viscosity equation for a suspension of spherical particles to 
that of ellipsoidal particles, creating the Simha equation) yields the hydrodynamic 
radius shown in Equation (H.3). From rM  and 3
1
rM  calculated using Equation (H.2), 
Equation (H.3) was used to calculate hR . However, since there were four rM  values 
and for each rM  value there were two hR  values possible due to the ±, a total of 
eight possible hR  values were calculated (i.e. for 10.505917.173
1
≈⇒= rr MM , 
42.14≈hR  and 73.13≈hR  were calculated; for 48.609126.183
1
≈⇒= rr MM , 
34.15≈hR  and 61.14≈hR  were calculated; for 32.464669.163
1
≈⇒= rr MM , 
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02.14≈hR  and 35.13≈hR  were calculated; and for 47.559475.173
1
≈⇒= rr MM , 












M           (H.1)  
( ) 31025.0808.0 rst MR ±≈           (H.2)  
( ) 3102.082.0 rh MR ±≈           (H.3)  
Consequently, hR  of horse cytochrome-c with a Stokes radius of stR  = 14.1 ± 0.2 Å 
is approximately 14.3 Å. On the basis of geometric considerations, a oW  value of 28 
corresponds to an effective hydrodynamic radius of approximately 55 Å, which is the 
size of an IgG molecule (Gerhardt and Dungan, 2004; Rosenqvist et al., 1987), then 
cytochrome-c with an hR  ≈ 14.3 Å corresponds to a oW  value of 7. Equations (H.1) 










Table I.1: Protein G HPLC measured peak heights and concentrations and UV-Spectrophotometer measured concentrations of a 
standard Fab fragment sample at 1.025 mg ml-1 in binding buffer, aqueous samples at 1 mg ml-1 Fab fragment at pH 5 AB 
and pH 6 PB, and Fab fragment aqueous samples taken during HFM module FE in isooctane (at pH 5 AB and 25 mM AOT 
and at pH 6 PB and 25 mM HDEHP) that underwent acetone precipitation with an ethanol wash step. 
 
Aqueous Height Total concentration Total concentration [mg mL-1] UV-Spectrophotometer 
sample [mAU] [mg mL-1] extinction coefficient corrected concentration [mg mL-1] 
Standard at 1.025 mg mL-1 61.32911 1.02 - - 
At 1 mg mL-1 pH 5 32.85198 0.73 1.39 1.00 
Acetate buffer at pH 5 and 25 mM AOT in isooctane  
At 10 min during FE + acetone precipitation 26.70921 0.59 1.12 0.80 
At 20 min during FE + acetone precipitation 35.41604 0.76 1.47 0.64 
At 30 min during FE + acetone precipitation 22.03064 0.47 0.90 0.49 
At 50 min during FE + acetone precipitation 25.58555 0.55 1.05 0.09 
At 60 min during FE + acetone precipitation 20.02487 0.45 0.86 0.05 
At 80 min during FE + acetone precipitation 22.90153 0.49 0.94 0.04 
At 150 min during FE + acetone precipitation 13.14427 0.29 0.55 0.04 
At 1 mg mL-1 pH 6 31.49541 0.66 1.27 1.00 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane  
At 20 min during FE + acetone precipitation 21.42622 0.46 0.81 0.90 
At 30 min during FE + acetone precipitation 18.15132 0.38 1.00 0.80 




Table I.2:  LabChip 90 measured migration times, heights, size, species and comments of a variety of native Fab fragment samples, 
aqueous samples at 1 mg ml-1 Fab fragment at pH 5 AB and pH 6 PB, and Fab fragment aqueous samples taken at 
intervals during HFM module FE (at pH 5 AB and 25 mM AOT in isooctane with and without Brij 30 and at pH 6 PB and 6.25 
mM HDEHP in isooctane without Brij 30 and 25 mM HDEHP in isooctane with and without Brij 30) that underwent acetone 
precipitation with an ethanol wash step. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 19.6 200 47.8 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 18.7 361.3 39.8 Fragment 1 Three fragment peaks fused to the monomer 
 19.1 481.5 42.8 Fragment 2 peak where Native Fab monomer peak 
 19.2 759.9 44.1 Fragment 3 chosen as basis for sample analysis 
 19.7 12520.1 47.9 Monomer  
At 1 mg mL-1 pH 5 19.8 1862.2 53.2 Monomer One peak with two summits 
 20.0 1126.1 55.4 Aggregate (monomer and aggregate) 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
At 10 min during FE + 19.5 4935 50.3 Monomer One peak with two summits 
acetone precipitation 19.7 3526.2 52.4 Aggregate (monomer and aggregate) 
At 20 min during FE + 19.5 3651.4 50.8 Monomer One peak with two summits 
acetone precipitation 19.8 2623.3 52.9 Aggregate (monomer and aggregate) 
At 30 min during FE + 19.5 6411.7 50.2 Monomer One peak with two summits 
acetone precipitation 19.7 4286.0 52.4 Aggregate (monomer and aggregate) 
At 50 min during FE + 19.4 6824.1 49.9 Monomer One peak with two summits 
acetone precipitation 19.7 4701.6 52.1 Aggregate (monomer and aggregate) 
At 60 min during FE + 19.4 6421.5 49.7 Monomer One peak with two summits 
acetone precipitation 19.7 4292.2 51.9 Aggregate (monomer and aggregate) 
At 80 min during FE + 19.4 6668 49.9 Monomer One peak with two summits 
acetone precipitation 19.7 4550.6 52.3 Aggregate (monomer and aggregate) 
At 120 min during FE + 19.7 3992.5 51.9 Monomer One peak with two summits 
acetone precipitation 19.9 2738.9 54.1 Aggregate (monomer and aggregate) 
At 150 min during FE + 19.4 7426.5 49.9 Monomer One peak with two summits 
acetone precipitation 19.7 5621.3 51.9 Aggregate (monomer and aggregate) 
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Table I.2: Continued. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 17.6 120 47.9 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 17.0 752.7 40.5 Fragment 1 Three fragment peaks fused to the monomer 
 17.2 959.5 42.8 Fragment 2 peak where Native Fab monomer peak 
 17.4 1467.2 44.9 Fragment 3 chosen as basis for sample analysis 
 17.6 12969.2 47.3 Monomer  
At 1 mg mL-1 pH 6 17.7 4708.8 53.6 Monomer One peak with two summits 
 17.8 3330.0 55.8 Aggregate (monomer and aggregate) 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane 
At 20 min during FE + 17.7 3004.6 54.2 Monomer One peak with two summits 
acetone precipitation 17.9 2593.3 56.4 Aggregate (monomer and aggregate) 
At 1 mg mL-1 pH 6 18.2 4069.9 54.1 Monomer One peak with two summits 
 18.4 2756.0 56.2 Aggregate (monomer and aggregate) 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
At 20 min during FE + 18.1 4621.6 53.6 Monomer One peak with two summits 
acetone precipitation 18.3 3538.0 55.7 Aggregate (monomer and aggregate) 
At 30 min during FE + 18.1 5279.3 52.8 Monomer One peak with two summits 
acetone precipitation 18.3 4132.1 55.1 Aggregate (monomer and aggregate) 
At 40 min during FE + 18.1 4776.8 53.4 Monomer One peak with two summits 
acetone precipitation 18.3 3723.3 55.7 Aggregate (monomer and aggregate) 
At 60 min during FE + 18.2 2120.8 54.1 Monomer One peak with two summits 







Table I.2: Continued. 
 
Aqueous Migration time Height Size Species Comment 
sample [seconds] [Fluorescence] [kDa]   
Ladder 19.0 373.1 47.3 - Ladder peak closest to Fab fragment (kDa) 
Native Fab fragments 18.1 1656.6 37.7 Fragment 1 Four fragment peaks fused to the monomer 
 18.4 730.2 40.5 Fragment 2 peak where Native Fab monomer peak 
 18.5 1093.0 41.7 Fragment 3 chosen as basis for sample analysis 
 18.9 8410.7 45.1 Fragment 4  
 19.0 8462.7 46.2 Monomer  
At 1 mg mL-1 pH 5 18.8 3265.5 51.4 Monomer One peak with two summits 
 19.0 2261.8 53.3 Aggregate (monomer and aggregate) 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
At 10 min during FE with 18.7 739.7 50.2 Monomer One peak with two summits 
Brij 30 + acetone precipitation 18.9 627.2 51.9 Aggregate (monomer and aggregate) 
At 40 min during FE with 18.8 390.5 51 Monomer One peak with two summits 
Brij 30 + acetone precipitation 19.0 357.5 52.9 Aggregate (monomer and aggregate) 
At 50 min during FE with 18.8 393.6 51 Monomer One peak with two summits 
Brij 30 + acetone precipitation 19.0 354.0 52.9 Aggregate (monomer and aggregate) 
At 1 mg mL-1 pH 6 18.5 4293.8 50.3 Monomer One peak with two summits 
 18.7 3052.7 52.4 Aggregate (monomer and aggregate) 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
At 30 min during FE with 18.2 8837.1 46.9 Monomer One peak 
Brij 30 + acetone precipitation      
At 60 min during FE with 18.4 7363.8 49.3 Fragment One peak with two summits 







Table I.3:  GP-HPLC measured species, retention times, heights response, response percentage, total response, GP-HPLC total 
concentration, UV-Spectrophotometer concentration and molecular weight of aqueous samples at 1 mg ml-1 Fab fragment 
at pH 5 AB and pH 6 PB, and Fab fragment aqueous samples taken at intervals during HFM module FE (at pH 5 AB and 25 
mM AOT in isooctane with and without Brij 30 and at pH 6 PB and 6.25 mM HDEHP in isooctane without Brij 30 and 25 mM 
HDEHP in isooctane with and without Brij 30) that underwent acetone precipitation with an ethanol wash step, and a native 
Fab fragment sample diluted down to 4 mg ml-1 in mobile phase buffer. 
 
 Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample  [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
Native Fab fragments Aggregate 8.80 11.32 328.91 2.44 13488.52 4.00 - 72 
at 4 mg mL-1 in 0.2 M Monomer 9.81 643.46 13159.61 97.56    32 
phosphate buffer pH 7 Sum of fragments - - - -    - 
At 1 mg mL-1 pH 5 Aggregate 8.97 13.36 403.24 4.60 8757.75 1.00 1.00 64 
 Monomer 9.86 468.28 8354.52 95.40    31 
 Sum of fragments - - - -    - 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
At 30 min during FE + Aggregate 8.98 3.50 100.84 3.77 2672.96 0.74 0.49 63 
acetone precipitation Monomer 9.86 146.09 2572.12 96.23    31 
 Sum of fragments - - - -    - 
At 50 min during FE + Aggregate 8.99 3.41 98.15 3.53 2778.62 0.77 0.09 62 
acetone precipitation Monomer 9.86 151.88 2680.48 96.47    31 
 Sum of fragments - - - -    - 
At 60 min during FE + Aggregate 9.00 2.17 62.07 3.30 1880.52 0.52 0.05 62 
acetone precipitation Monomer 9.86 102.92 1818.45 96.70    31 
 Sum of fragments - - - -    - 
At 80 min during FE + Aggregate 9.00 2.50 70.69 3.00 2356.15 0.65 0.04 62 
acetone precipitation Monomer 9.86 129.25 2285.46 97.00    31 
 Sum of fragments - - - -    - 
At 150 min during FE + Aggregate 9.01 1.17 33.15 2.06 1606.78 0.44 0.04 61 
acetone precipitation Monomer 9.86 89.36 1573.63 97.94    31 
 Sum of fragments - - - -    - 
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Table I.3: Continued. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample  [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
At 1 mg mL-1 pH 6 Aggregate 8.95 5.54 193.45 5.05 3832.09 1.00 1.00 65 
 Monomer 9.87 205.08 3632.38 94.79    31 
 Sum of fragments 10.94 0.33 6.27 0.16    13 
Phosphate buffer at pH 6 and 6.25 mM HDEHP in isooctane 
At 20 min during FE + Aggregate - - - - 64.08 0.02 0.92 - 
acetone precipitation Monomer 9.85 2.25 62.11 96.92    31 
 Sum of fragments 10.25 0.19 1.97 3.08    22 
At 1 mg mL-1 pH 6 Aggregate 8.72 7.79 330.20 7.95 4151.64 1.00 1.00 78 
 Monomer 9.87 214.56 3815.90 91.91    31 
 Sum of fragments 10.95 0.28 5.53 0.13    13 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
At 20 min during FE + Aggregate 8.54 7.69 382.84 11.90 3218.20 0.78 0.90 89 
acetone precipitation Monomer 9.83 109.00 2824.18 87.76    31 
 Sum of fragments 10.87 0.56 11.18 0.35    13 
At 30 min during FE + Aggregate 8.55 5.57 285.03 12.73 2238.37 0.54 0.80 88 
acetone precipitation Monomer 9.83 66.72 1946.83 86.98    31 
 Sum of fragments 10.89 0.40 6.50 0.29    13 
At 40 min during FE + Aggregate 8.93 2.44 102.25 5.15 1986.38 0.48 0.81 65 
acetone precipitation Monomer 9.84 83.41 1877.20 94.50    31 




Table I.3: Continued. 
 
Aqueous Species Retention time Height Response Response Total response GP-HPLC total UV-Spectrophotometer Molecular 
sample  [minutes] [mAU] [mAU*s] % [mAU*s] concentration [mg mL-1] concentration [mg mL-1] weight  [kDa] 
At 1 mg mL-1 pH 5 Aggregate 8.97 6.40 187.34 4.27 4386.81 1.00 1.00 63 
 Monomer 9.86 237.60 4199.48 95.73    31 
 Sum of fragments - - - -    - 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
At 10 min during FE with Aggregate 8.98 0.34 9.90 3.68 269.22 0.06 0.90 62 
Brij 30 + acetone precipitation Monomer 9.85 13.41 259.32 96.32    31 
 Sum of fragments - - - -    - 
At 40 min during FE with Aggregate 8.99 0.40 11.63 3.72 312.89 0.07 0.82 61 
Brij 30 + acetone precipitation Monomer 9.85 15.82 301.26 96.28    31 
 Sum of fragments - - - -    - 
At 50 min during FE with Aggregate 8.98 0.45 13.14 3.83 343.37 0.08 0.80 62 
Brij 30 + acetone precipitation Monomer 9.85 17.82 330.22 96.17    31 
 Sum of fragments - - - -    - 
At 1 mg mL-1 pH 6 Aggregate 8.93 5.71 225.28 5.78 3898.25 1.00 1.00 65 
 Monomer 9.87 206.91 3668.59 94.11    31 
 Sum of fragments 10.95 0.27 4.38 0.11    13 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
At 30 min during FE with Aggregate - - - - 169.31 0.04 0.32 - 
Brij 30 + acetone precipitation Monomer 9.83 7.03 169.31 100.00    31 
 Sum of fragments - - - -    - 
At 60 min during FE with Aggregate - - - - 156.42 0.04 0.88 - 
Brij 30 + acetone precipitation Monomer 9.83 6.83 156.42 100.00    31 




Table I.4: IEF interpretation of gel and results, where lane, sample, pI range, 
number of bands and comments of the reference standard, Fab 
fragment aqueous samples taken at intervals during HFM module FE 
(at pH 5 AB and 25 mM AOT in isooctane) that underwent acetone 
precipitation with an ethanol wash step, an aqueous sample at 1 mg 
ml-1 Fab fragment in acetate buffer at pH 5, and a native Fab 
fragment sample are specified. 
 
Lane Sample pI range Number of bands Comment 
1 Reference standard 8.15-8.65 11 All pI marker bands are visible 
    in the range of interest 
Acetate buffer at pH 5 and 25 mM AOT in isooctane 
2 At 30 min during FE + 8.15-8.65 3 One dark band and two faded bands with 
 acetone precipitation   slightly faded smudging under the lowest band 
3 At 50 min during FE + 8.15-8.65 3 One dark band and two faded bands with 
 acetone precipitation   slightly faded smudging under the lowest band 
4 At 150 min during FE + 8.15-8.65 3 One dark band and two faded bands with 
 acetone precipitation   slightly faded smudging under the lowest band 
5 At 1 mg mL-1 pH 5 8.15-8.65 3 Two dark bands and one faded band with 
    slightly faded smudging under the lowest band 
Native Fab Fragment sample in phosphate buffer at pH 6 
6 Native Fab fragments 8.15-8.65 3 Two dark bands and one faded band with 
    dark smudging under the lowest band 
 
 
Figure I.1:  IEF gel showing the reference standard in Lane 1, a Fab fragment 
aqueous sample taken during HFM module FE (at pH 5 AB and 25 
mM AOT in isooctane) that underwent acetone precipitation with 
an ethanol wash step at 30 minutes in Lane 2, 50 minutes in Lane 
3, 150 minutes in Lane 4, an aqueous sample at 1 mg ml-1 Fab 
fragment at pH 5 AB in Lane 5, and a native Fab fragment sample 
in Lane 6. 
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Table I.5: IEF interpretation of gel and results, where lane, sample, pI range, 
number of bands and comments of the reference standard, an 
aqueous sample at 1 mg ml-1 Fab fragment at pH 6 PB, Fab fragment 
aqueous samples taken at intervals during HFM module FE (at pH 6 
PB and 25 mM HDEHP in isooctane) that underwent acetone 
precipitation with an ethanol wash step, and a native Fab fragment 
sample are specified. 
 
Lane Sample pI range Number of bands Comment 
1 Reference standard 8.15-8.65 11 All pI marker bands are visible 
    in the range of interest 
2 At 1 mg mL-1 pH 6 8.15-8.65 3 Two dark bands and one faded band with 
    slightly faded smudging under the lowest band 
Phosphate buffer at pH 6 and 25 mM HDEHP in isooctane 
3 At 20 min during FE + 8.15-8.65 1 One faded band 
 acetone precipitation    
4 At 40 min during FE + 8.15-8.65 1 One dark band 
 acetone precipitation    
Native Fab Fragment sample in phosphate buffer at pH 6 
5 Native Fab fragments 8.15-8.65 3 Two dark bands and one faded band with 
    visible smudging under the lowest band 
 
 
Figure I.2:  IEF gel showing the reference standard in Lane 1, an aqueous 
sample at 1 mg ml-1 Fab fragment at pH 6 PB in Lane 2, a Fab 
fragment aqueous sample taken during HFM module FE (at pH 6 
PB and 25 mM HDEHP in isooctane) that underwent acetone 
precipitation with an ethanol wash step at 20 minutes in Lane 3, 40 
minutes in Lane 4, and a native Fab fragment sample in Lane 5. 
